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As lithography moves toward feature sizes of 22 nm and smaller and push-
ing for applications beyond the semiconductor industry, unconventional pro-
cessing and characterization methods are in demand for patterning of unusual
structures, new processing techniques, and better understanding and control of
resist performance. Chapter 1 introduces conventional lithographic processing
and characterization methods and their unconventional counterparts as well.
As a typical lithographic process includes exposure, post-exposure bake, and
development, chapters 2, 3 and the appendix cover some unconventional pro-
cessing methods. Chapter 2 discusses a laser heating method for exposed chem-
ically amplified photoresists in an attempt to control acid diffusion during post-
exposure bake and thus improve pattern resolution and quality. Chapter 3 de-
tails supercritical carbon dioxide as an environmentally friendly and sustain-
able solvent to develop high resolution resist patterns. Two photon lithography
is demonstrated in the appendix as a direct write technique to introduce three
dimensional defects inside photonic materials. While conventional characteri-
zation of the materials and/or patterns is usually carried out before and after
the lithographic process, an in situ FTIR method is discussed in chapter 4 as a
technique to monitor reaction-diffusion kinetics of acids in chemically ampli-
fied molecular glass resists during post-exposure bake and to understand the
molecular architectural effect on the kinetics.
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1.1 Overview of Lithography
Lithography was first invented in 1796 as a low-cost method of printing theatri-
cal works by using a stone or a metal plate with a completely smooth surface.
With the development of the semiconductor industry in the last few decades,
lithography has broadened its meaning to fabrication of patterned materials on
a very fine scale for applications like integrated circuits (ICs), microelectrome-
chanical system (MEMS) and other semiconductor devices.
Microlithography or nanolithography involves several consecutive process-
ing steps, e.g. imaging/exposure, post-exposure bake, and development. As
depicted in Figure 1.1, the traditional lithographic process involves use of
radiation-sensitive organic materials called ”resists” or ”photoresists” to pro-
duce patterns on substrates such as single crystals of silicon. The resist mate-
rial is applied by spin-coating to form sub-0.1 - 1 µm thick films on substrates
(wafers). The wafers are subsequently baked on hot plates to remove casting
solvents. The resist films are then exposed through a mask (photolithogra-
phy) or directly with finely focused electron beams (electron-beam lithography).
Following the exposure, certain resists, especially chemically amplified resists,
need to be baked for thermally activated catalytic chemical reactions in the re-
sists. The exposed resist films are subsequently developed like photographic
films with a developer solvent to generate relief images. Resist materials are
generally classified as positive-tone or negative-tone. The exposed resist ar-
eas are rendered more/less soluble than the unexposed areas in the developer
1
Figure 1.1: Conventional lithographic processing steps of positive- and
negative-tone resists.
for positive-tone/negative-tone resists. The resist film remaining after devel-
opment functions as a protective stencil during low temperature deposition of
materials or etching of the wafer. The resist film must protect the underlying
substrate while the areas dissolved during development are being deposited
with a thin film of a specific material or etched. The resist film remaining af-
ter deposition or etching is finally removed, leaving behind desired patterns
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in the substrate. The whole process is repeated several times to fabricate com-
plex semiconductor devices. A post-development lift-off step is demonstrated
in Figure 1.1.
Characterization of resist materials and/or patterns is usually carried out
before and after the lithographic process for better understanding and control
of resist performance. Components of resist formulation are generally analyzed
to determine their purity and molecular weights, thermal and optical proper-
ties, and dissolution rates in developers. Also, quality inspection of patterned
resist films is of paramount importance to optimization of resist lithographic
performance.
1.2 Conventional Processing and Characterization Methods
1.2.1 Exposure Methods
Contact/Proximity Printing
The simplest type of printing machine is a contact aligner where a photomask
is pressed in direct contact with a resist-coated wafer during illumination. The
first integrated circuits had features of 200 micrometres which were printed us-
ing a contact aligner. Contact printing is still commonly practised nowadays,
mainly in applications requiring thick resist and/or double-sided alignment
and exposure.
In a typical contact exposure system, the photomask is placed with chrome-
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side down in a frame right below the miscroscope objectives. The resist-coated
wafer is moved by vernier screws with respect to the photomask. Once the
wafer is aligned to the photomask, vacuum is applied between the two and
the microscope objectives are retracted. A common irradiation source is a high
intensity mercury lamp with wavelength filters.
Ideally, because of the direct contact between the wafer and the photomask,
the gap between the two goes to zero and diffraction effects get minimized. In
reality, the gap cannot be zero because neither the wafer nor the photomask
is perfectly flat. Upon exiting the photomask/resist interface, the irradiation
light is subject to near-field diffraction as it propagates through the resist film.
Diffraction causes the image to lose contrast with increasing depth into the re-
sist. Imaging resolution of contact aligners using common irradiation sources is
about 0.5 µm.
The major disadvantage of contact printing is defect generation due to the
contact between the resist-coated wafer and the photomask. Defects can be gen-
erated on both the resist film and the photomask on every contact cycle. There-
fore, contact aligners are typically limited to applications that can tolerate high
defect levels. Proximity printing was developed to avoid defect generation by
floating the photomask off the surface of the wafer usually on a flow of nitro-
gen. A common gap of 10-50 µm reduces defect generation sharply. The major
problem of proximity printing is a reduction in resolution due to diffraction.
Another disadvantage of introducing a small gap in proximity printing is that
the variations in the gap can lead to line width variations across the wafer.
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Projection Printing
Projection aligners have become by far the most widely used exposure tool in
the semiconductor industry. The most common projection system is step and
repeat projection aligners (also known as steppers) frequently with a 5:1 reduc-
tion reduction built in, which is an advantage over the 1:1 pattern transfer in
contact/proximity aligners. This means that only a small region of the wafer,
also known as a field (typically 0.5-3 cm2), is exposed at a time, which allows
systems to be built with very high NA lenses and thus high resolution. Between
exposures, the wafer is mechanically moved in the stepper to the next field.
The resolution of an optical aligner is determined by the optical limitation of
the lenses, which can be referred to as Rayleigh’s criterion




where λ is the exposure light wavelength, α is one-half the angle of maximum
cone of light that can enter or exit the lens, n is the refractive index of the
medium between the objective and the wafer, and k is a constant (typically 0.4-
0.8) dependent on the ability of the resist to distinguish between small changes
in intensity.
In the effort to continue scaling resolution Wmin to smaller dimensions, the
exposure tools can be tuned to reduce exposure light wavelength λ and increase
the numerical aperture NA of the system. The common ligth sources used in
contact aligners and steppers are in the ultraviolet regime (typically ≈ 250− 405
nm). The past decade has seen significant development in light exposure tools




Until recently, the photolithography operating medium was always air (refrac-
tive index n = 1). By replacing air with water (n = 1.33) or higher index immer-
sion liquids, the minimum patternable feature size can be lowered according to
Equation 1.1. Immersion lithography using 193 nm light is the leading exposure
technique for top-notch IC fabrication at this writing. For the 32 nm node fab-
rication in 2009, Intel began using immersion lithography and confirmed that
since EUV was not available, it would extend 193 nm immersion lithography to
the 22 nm node [1] and 15 nm node [2]. Intel has already outlined a path to use
193 nm immersion lithography down to 11 nm node.[3]
As a photolithography resolution enhancement technique, immersion
lithography is implemented by having the liquid dispersed locally from the noz-
zle onto the resist-coated wafer to be exposed. After exposure, the lens moves
to the next exposure site with the liquid remaining under the lens due to sur-
face tension. Another method is to draw the liquid back into the nozzle after
exposure and redispense it onto the next field.
Some of the concerns with immersion lithography include: 1) presence of
impurities in the immersion fluid resulting in defects in the resist pattern; 2)
potential interaction between the immersion fluid and the resist; 3) refractive
index mismatch between the immersion fluid and the resist resulting in high re-
flection at the interface. To overcome these obstacles, significant effort is needed




EUV lithography is one of the next-generation lithography technologies using
the 13.5 nm EUV wavelength. It is a significant departure from the aforemen-
tioned deep ultraviolet lithography. Since all matters absorb EUV radiation,
EUV lithography needs to take place under vacuum and all the optical ele-
ments, including the photomask, must make use of defect-free Mo/Si multilay-
ers which act to reflect light by means of interlayer interference. Due to certain
unsolved technical issues of EUV exposure tools and photomasks and the nega-
tive impact of the significant reduction/increase in wavelength/photon energy,
EUV lithography currently cannot replace 193 nm immersion lithography and
double patterning techniques as the mainstream patterning technology beyond
the 22 nm node.
Electron Beam Lithography
Electron beam lithography (EBL) may be used either for photomask generation
or directly writing patterns on resist-coated wafers. EBL is the main technology
for mask generation due to its ability to accurately pattern fine features. Al-
though several versions of projection and proximity EBL systems have also been
developed [4], most EBL tools are direct-write systems which move a small elec-
tron beam spot with respect to the substrate to expose the resist pixel by pixel.
Throughput, therefore, is the major concern for broad application of EBL for IC
manufacturing. High brightness electron sources, vector scan systems, and cor-
rection of proximity effect have all been developed to improve throughput, but
EBL still remains an order of magnitude slower than optical lithography.[5]
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Figure 1.2: Line spectra of a typical mercury arc lamp.
1.2.2 Thermal Bake Steps
Chemically Amplification Concept for Resists
The most common type of optical source for photolithography has long been
the high pressure arc lamp, which is the brightest incoherent sources available.
Mercury arc lamps can still be found in many steppers and contact aligners
nowadays. Figure 1.2 shows the line spectra of a typical mercury lamp. Contact
aligners and steppers usually filter out but a single line. Exposure wavelengths
commonly used in exposure tools are g-line (436 nm), h-line (405 nm), and i-line
(365 nm). The drive to higher resolution necessitated a further shift from i-line
to deep UV employing the 254 nm emission from Xe-Hg lamps or the 248 nm
emission from KrF excimer lasers. The Hg discharge lamp had an extremely
small output at 254 nm while insertion of many optical elements between the
KrF laser source and the wafer plane dramatically reduced the radiation output
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Figure 1.3: Acid-catalyzed deprotection for polarity change of a tBOC-protected
resist adapted from Reference [42].
to the resist film. Therefore, the shift to deep UV lithography required a com-
pletely new resist concept that could improve resist sensitivity to counteract the
low intensity of exposure light.
The chemical amplification concept has become the exclusive foundation for
advanced high resolution resist systems and played such a pivotal role in real-
ization of lithography in the deep UV regime and beyond that most resists used
nowadays are chemically amplified. In 1982, Ito, Willson, and Fre´chet proposed
the concept of chemical amplification[6, 7, 8], where irradiation activates pho-
toacid generators in the resist film and the generated photoacids subsequently
catalyze numerous (typically ≈ 100) reactions in the resist before being trapped
or quenched. An example of a chemically amplified resist is illustrated in Fig.
1.3. The catalytic chemical transformations are generally accomplished by heat-
ing the exposed resist film (post exposure bake).
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Post Apply Bake
Since the shift to chemically amplified resists was not evolutionary but revolu-
tionary, many problems unique to chemically amplified resists have surfaced
and these problems were typically related to the catalytic nature of the resists.
For example, a trace amount of airborne base such as N-methylpyrrolidone
(NMP) and amines absorbed by the chemically amplified resist film upon stand-
ing after coating (especially after exposure) interferes with the desired acid cat-
alyzed reaction, resulting in formation of an insoluble surface layer (T-topping)
in positive-tone resists and in linewidth shift in negative-tone resists. Good
annealing and thus reduced free volume was found essential to decrease the
amount of NMP absorbed by resist films.[9]
Post apply bake (PAB) steps can not only remove residual solvent from the
spin cast films but also reduce the free volume of the resist film by annealing
in an appropriate temperature range where the resist components are thermally
and hydrolytically stable.[10, 11] Post apply bake is usually conducted on a hot-
plate or in an oven.
Post Exposure Bake
Post exposure bake (PEB) is not required for all resists but almost all chemically
amplified resists. Chemically amplified resists require PEB to accelerate acid-
catalyzed reactions due to high activation energies in general. PEB is normally
done on a hot plate (typically with vacuum applied between wafers and hot
plates to remove the air gap and promote heat conduction) at a temperature of
90 - 150 oC for 30 - 120 seconds. To finish the PEB step, wafers are removed from
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hot plates and placed on chill plates to reach room temperature. Hot plate an-
nealing is a fairly simple and convenient method for post exposure bake but it
is not perfect for uniform heat distribution over the hot plate and uniform heat
conduction from the hot plate to the exposed resist-coated wafer resulting from
hot plate’s intrinsic tool limitation and variation of thickness and flatness across
the resist-coated wafer respectively. The resulting non-uniform heat distribu-
tion in the resist on top of the wafer can ultimately lead to non-uniform critical
dimension (CD) of resist patterns across the wafer.
Study of PEB has attracted serious attention in the resist community because
PEB not only provides heat for the catalytic chemical reactions in the exposed
resist film but also allows for acid diffusion during the thermal process. Acid
diffusion in chemically amplified resists during PEB has been found to have
two opposing effects on line edge roughness (LER) of developed resist patterns
[12]: 1. smoothing out the spatial distribution of photochemical events at the
interface between exposed and unexposed regions and thus reducing LER; 2.
degrading image contrast and thus increasing LER. Quantifying acid diffusion
in chemically amplified resists is an active area of research in lithography to
improve LER of resist patterns and ultimately the LER transferred to the under-
layers after etching through the resist.
1.2.3 Development
Traditional development of resist films uses organic solvents or most often aque-
ous base, in which dissolution rates of exposed and unexposed regions of the
resist films show significant difference resulting in pattern contrasts.
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The development process was discovered to be a large contributor to side-
wall roughness of developed resist patterns mainly through the effects of devel-
opment time and developer concentration.[13] The development process con-
tributed on the order of 2.5 - 3 nm rms to the roughness in the resist studied in
the reference. Experimental results showed that the lower the developer con-
centration the smaller the resist LER and that the shorter the development time
the smaller the resist LER.
1.2.4 Characterization
Characterization in lithography basically has two categories: characterization of
resist materials and characterization of resist patterns. Typical analysis methods
of resist materials include gel permeation chromatography (GPC) and matrix-
assisted laser desorption/ionization (MALDI) for molecular weight determi-
nation of resist polymers, differential scanning calorimetry (DSC) and ther-
mal gravimetric analysis (TGA) for the glass transition and thermal decom-
position temperatures of resist components, x-ray reflectometry for (electron)
density of resist film, and infrared spectroscopy (IR) for resist composition and
change in chemical environment. The most common analysis technique of re-
sist patterns is scanning electron microscopy (SEM), both top-down and cross-
sectional. SEM images are usually processed with such technical software as
SuMMIT (an interactive off-line analysis package developed by EUV Technol-
ogy Corporation) for critical dimension (CD) and line-edge/width roughness
(LER/LWR) measurement.
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1.3 Unconventional Processing and Characterization Methods
The exploration of unconventional processing and characterization methods in
lithography has been driven by increasing demand for higher device quality,
burgeoning novel designs of micro- or nano-scale devices, and more environ-
mentally friendly processing conditions. This section covers a selection of the
most important contributions in the area.
1.3.1 Exposure Methods
Interference Lithography
In physics, interference is defined as the superposition of two or more waves
that results in a new wave pattern. When two or more optical waves are present
simultaneously in the same region of space, the optical waves interfere and gen-
erate a periodic spatial modulation of light. Interference lithography is a tech-
nique for patterning periodic fine resist features using the spacial modulation
of light intensity in the resist film. The photochemistry and lithographic pro-
cesses involved in interference lithography are similar to those in conventional
lithography except that photomasks and complex optical systems are not re-
quired, and the substrate may be transparent since all of the laser beams are not
necessarily launched from the same side of the substrate.
Interference among any N (≤4) collimated and coherent laser beams pro-
duces an intensity grating with (N-1) dimensional periodicity if the difference
between the wave vectors is non-coplanar. This means that 1D periodicity (line
patterns) can be produced by 2 laser beams, 2D periodicity (e.g. dot patterns) by
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3 beams, and 3D structures by 4 beams.[14, 15, 16] Despite the high throughput,
interference lithography is only capable of patterning periodic patterns, which
limits itself from a broader application.
Phase Mask Lithography
Phase masks are alternating [17] or attenuated [18] phase shift photomasks that
take advantage of the interference generated by phase differences to improve
image resolution in photolithography. A conventional photomask is a trans-
parent plate with the same thickness everywhere, parts of which are covered
with non-transmitting material in order to image patterns in the resists. In al-
ternating phase-shift masks, certain transmitting regions are made thinner or
thicker to induce a phase-shift in the light traveling through those regions of the
mask, which results in interference between the phase-shifted light and the non-
modulated transmission light. Attenuated phase-shift masks employ a different
approach. Certain light-blocking regions of the mask are modified to allow a
small amount of light to be transmitted through (typically just a few percent).
The attenuated light is not strong enough to produce patterns in the resists, but
it can interfere with the light coming from the transparent parts of the mask.
Phase mask lithography is not just limited to two-dimensional patterning. Con-
formable poly(dimethylsiloxane) (PDMS) phase masks have also been explored
to pattern large-area three-dimensional non-crystalline nanostructures.[20, 155]
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Two-Photon Lithography
Two-photon lithography takes advantage of two-photon absorption of such re-
sist components as photoinitiators and photoacid generators to trigger chemical
reactions in the resist. It provides high-resolution mask-directed [21] or mask-
free [22] microfabrication capabilities in three dimensions. This unconventional
exposure method will be discussed in the appendix in detail.
1.3.2 Post Exposure Bake
The most noticeable development progress in the post exposure bake step is
technically improving uniform heat conduction between hot plates and exposed
resist-coated wafers. Some research effort has been devoted to understanding
the dependence of resist pattern qualities on hot plate PEB temperature and
time.[23]
A rapid thermal anneal (RTA) furnace was explored to anneal exposed
resists.[24] RTA is a common semiconductor manufacturing process which heats
silicon wafers to precisely controlled high temperatures for a short period of
time (1 second to several minutes). It is most often exploited to activate dopants,
change morphologies of grown inorganic films, repair damage from ion implan-
tation, densify deposited films, and so on. Since acid diffusion in chemically
amplified resists is directly related to pattern resolution, optimizing PEB tem-
perature and/or time is pivotal to controlling acid diffusion and thus enhancing
pattern quality. RTA provides a platform to study the impact of subtle changes
in PEB conditions on resist patterns.
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An ultrafast annealing method, laser spike annealing, has been used to ex-
tend the study to a totally unexplored sub-millisecond time regime for PEB.[25]
The topic and latest research findings will be discussed in Chapter 2.
1.3.3 Development
Aqueous base is most commonly used in the development process. Concerns
with environmentally friendly lithographic processes, as evidenced by the es-
tablishment of NSF/SRC Engineering Research Center for Environmentally Be-
nign Semiconductor Manufacturing, have directed research interest toward de-
signing resist materials that can be cast from and/or developed with environ-
mentally benign and recyclable fluids.
Water as Developer
Attempts were made to design chemical amplified resists that can be cast from
and/or developed with pure water, which involved synthesis of water-soluble
homo- and copolymers. Since water is a high surface tension solvent, no aque-
ous resist system has been reported to have high resolution.[42]
Hydrofluoroethers as Developer
Segregated hydrofluoroethers (HFEs), a type of fluorous solvents commercial-
ized by 3M, have been investigated as a developer for specially designed chem-
ically amplified resists for patterning delicate organic electronic materials to a
scale of sub 100 nm.[26, 27] HFEs are proven as an environmentally friendly
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developer because of their nonflammability, zero ozone-depletion potential and
low toxicity for humans.[28] With their very low surface tensions, HFEs can
promise high resolution and high aspect ratio patterns after development.
Thermal Development
Dry resist development techniques attract interest as they are expected to have
a number of advantages over the prevalent wet development. Absence of haz-
ardous solvents makes them environmentally friendly and potentially cheaper.
In addition, dry development may avoid some of the notorious problems in-
herent to the traditional wet development such as resist swelling, increased line
edge roughness, capillary-force driven resist collapse, and pattern detachment
from the substrate.
Thermal development takes advantage of a dramatic volatility difference
between unexposed and exposed resists. It has been successfully carried out
on hot plates in air and low vacuum conditions. The development tempera-
ture should be chosen such that the resist should become volatile or degrade
into volatile products rather than oxidizing and/or cross-linking and also resist
melting or flow should be minimal. 25 nm half-pitch dense line/space pat-
terns and 17 nm isolated lines with smaller line edge roughness were achieved
in a thermally developed non-chemically amplified molecular glass resist [29],
which demonstrates the feasibility of using thermal development for high-
resolution lithography.
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Supercritical Carbon Dioxide as Developer
As another approach to dry development, carbon dioxide in the supercritical
state has been investigated as an environmentally friendly developer. Although
CO2 tends to be a very poor solvent for most polymers including current re-
sists, certain fluoropolymers, silicones and molecular glass resists have been
successfully developed soluble in CO2 under moderate supercritical conditions.
Chapter 3 will cover more on the topic and our contribution to this research
area.
1.3.4 Characterization
Analysis of Resist Components
Chemically amplified resists are multi-component systems typically comprised
of polymeric or molecular glass resist, photoacid generators (PAGs) and base
additives/quenchers. The spacial distribution of these components within the
spin coated thin film is critical to patterning nanoscale features in lithography.
Resist thin films can exhibit surface segregation of PAGs that relies on the bal-
ance between PAG and resist chemistry.
Rutherford backscattering spectroscopy (RBS) was used to understand the
miscibility of arsenic and sulfur containing PAGs as a function of photoresist
chemistry [30] and to examine the diffusion and distribution characteristics of
PAGs by examining heavy atoms [31]. X-ray photoelectron spectroscopy (XPS)
was utilized to reveal the enrichment of perfluorooctanesulfonate of a variety of
PAGs in the top few Angstroms of a resist film. Near-edge X-ray absorption fine
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structure (NEXAFS) spectroscopy proves a solution to the limitation by provid-
ing a sensitive bond-selective and depth-selective method to quantify the PAGs
depth profile over the top 2 - 6 nm.[33] The methodology can be extended to a
diverse set of resist systems without the need for special labeling or preparatory
procedures.
Compositional profiles can also be measured by neutron reflectometry, en-
abled by synthesizing a resist material with a deuterium-substituted protect-
ing group for neutron scattering contrast.[35, 36] Because neutrons are scat-
tered by nuclear interactions, there is a large difference in the neutron scattering
cross section between deuterium and hydrogen nuclei, providing strong con-
trast with slight chemical modification. Therefore, spatial evolution of the de-
protection reaction of deuterium-substituted protecting groups in the resist film
is possible with neutron reflectometry measurement.
In addition to the aforementioned non-destructive techniques, the distribu-
tion of chemical compositions along the depth of a resist film can be probed
through layer-by-layer removal of the film surface by sputtering under an ion
beam.[34] Time-of-flight secondary-ion mass spectrometry (ToF-SIMS) uses a
pulsed ion beam (Cs or microfocused Ga) to remove molecules from the very
outermost surface of the sample. The ionized particles are removed from atomic
monolayers on the surface (secondary ions) and then accelerated into a ”flight
tube” and their mass is determined by measuring the exact time at which they
reach the detector (i.e. time-of-flight).
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Figure 1.4: Basic principle of the 3D AFM technique: (a) the flared silicon
tip used for the measurements (CDR50S model tip); (b) the CD-Mode scan
principle.[38] Reproduced with permission from Reference [38]. Copyright 2007
Society of Photo Optical Instrumentation Engineers.
Analysis of Resist Patterns
The lithography community has been commonly using standard CD-SEM with
conventional CD and LER algorithms for characterization of resist pattern qual-
ity and lithography process development. Some of the drawbacks of the tech-
nique include required sampling coating for high resolution imaging at high ac-
celerating voltages of SEM and incorrect equipment parameters affecting edge
roughness measurement.[37] Also, CD-SEM is mainly a top-down imaging tool
so it is difficult to characterize the pattern sidewall roughness that contributes
to the LER/LWR transferred to the underlayer after the etching step.
3D-AFM (three dimensional atomic force microscopy) has been developed
to overcome the aforementioned disadvantages CD-SEM faces.[38] The AFM tip
used is a specially designed flared silicon tip (Model CDR50S from Team Nan-
otec GmbH). Figure 1.4 shows the basic principles of the technique for 3D char-
acterization of resist patterns. The immediate advantages are better sidewall
resolution and thus better output accuracy and precision such as LER, LWR,
CD and sidewall angle. Combining both CD-SEM and 3D-AFM techniques is
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now strongly recommended for advance node development in order to have
access to the best possible measurement accuracy.
1.4 Summary
This chapter has reviewed most of the conventional and unconventional pro-
cessing and characterization methods in lithography. Unconventional methods
have attracted increasing research interest because of their potential for pattern-
ing unusual structures, more environmentally friendly processing, and provid-
ing better understanding and control of resist performance.
The following chapters and the appendix are organized to demonstrate our
efforts at unconventional exposure, post exposure bake, development, and char-
acterization methods in lithography. Although they cover different aspects of
lithography, a common theme running throughout is better understanding the
properties of resist materials and tailoring them to expand the applications.
Chapter 2 discusses laser spike annealing as an ultrafast post exposure bake
method for chemically amplified resists. Chapter 3 details supercritical carbon
dioxide as an environmentally friendly and sustainable solvent to develop high
resolution resist patterns. An in situ FTIR method is discussed in chapter 4 as a
technique to monitor reaction-diffusion kinetics of acids in chemically amplified
molecular glass resists during post-exposure bake. Two-photon lithography is
demonstrated in the appendix as a direct write technique to introduce three di-
mensional defects inside photonic materials.
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CHAPTER 2
POST EXPOSURE BAKE BY CO2 LASER SPIKE HEATING
Pattern formation in a chemically amplified photoresist requires a post ex-
posure bake (PEB) to catalytically deprotect the polymer. Excessive diffusion of
the photo- or electron-generated acid results in the loss of line edge definition,
blurring of latent images, and changes in the line edge roughness. While post
exposure bake of photon/electron-exposed resists is typically performed on a
hot plate for tens of seconds to minutes, sub-millisecond PEB using a CO2 laser-
based scanned heating system is demonstrated in this chapter in an attempt to
minimize excessive acid diffusion by drastically reducing the PEB time. Several
polymer and photoacid generator resist systems have been studied under 500 µs
laser spike heating in a range of powers (temperatures) for their thermal stabili-
ties and lithographic performance compared to equivalent hot plate samples. A
resist bilayer structure was used to quantify photoacid diffusion in resists and
study its effect on line edge roughness by creating a well-defined step gradient
of photoacids to mimic an ideal lithographic line-edge.
2.1 Ultrafast Post Exposure Bake
Chemically amplified resists (CARs) have been the workhorse in lithography
for semiconductor device manufacturing over the past three decades because of
their high sensitivity and excellent patterning performance. In 1982, Ito, Will-
son, and Fre´chet proposed the concept of chemical amplification[6, 7, 8], where
irradiation activates photoacid generators and the generated photoacids sub-
1Section 2.5 is reprinted with permission from J. Sha, B. Jung, M. O. Thompson, C. K. Ober,
M. Chandhok, and T. R. Younkin, J. Vac. Sci. Technol. B., Vol. 27, 3020 (2009). Copyright 2009
American Vacuum Society.
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sequently catalyze numerous reactions in a resist film before being trapped or
quenched. In CARs, acids must be mobile enough within the resist matrix to de-
protect sufficient acid-labile protecting groups to achieve the solubility switch in
the developing media, but excessive acid diffusion can lead to image blur and
loss of resolution.[42, 43, 44] This chemistry occurs during the post-exposure
bake, normally done on a hot plate at a temperature of 90 - 150 oC for 30 - 120
seconds. In this work, an alternative PEB approach involving higher tempera-
tures for dramatically shorter times has been investigated. As both acid diffu-
sion and deprotection are thermally activated processes, the relative rates will
be impacted by the time/temperature profile of the PEB. Such high temperature
short time PEB also impacts resist sensitivity and may ultimately help improve
the line edge roughness (LER). To the degree LER depends on acid diffusion,
improved utilization of the photogenerated acids in a smaller diffusion volume
may result in reduced LER. To access very short PEB times, we have used a
scanning laser heat source, referred to as laser spike annealing (LSA).
2.2 Laser Spike Annealing and Laser PEB
Laser spike annealing (LSA), also known as millisecond transient thermal an-
nealing, has been developed and utilized in the semiconductor industry to ad-
dress issues in front-end processing, particularly the need to activate impurity
dopants while minimizing their diffusion for shallow junction formation.[45, 46]
The dopant activation enthalpy is greater than the activation enthalpy for dif-
fusion. Therefore, diffusion can be minimized by annealing at higher temper-
atures for increasingly short times. To achieve sub-millisecond thermal cycles,
a line focused continuous wave (CW) laser is scanned over the surface, heating
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the surface to a controlled temperature (up to 1400 oC) in time scales of 0.2 - 5
ms and cooling in a similar time by thermal conduction into the cold substrate.
A CW CO2 laser at λ = 10.6 µm was used for this work with a dwell time
of 500 µs, where dwell is defined as laser beam full width at half maximum
(FWHM) divided by the scan velocity. In Figure 2.1(a), a simulation of the sur-
face temperature as a function of time is shown for typical conditions (500 µs
dwell, 260 W/cm) resulting in a peak temperature of 195 oC. In contrast to hot
plate annealing, the temperature is never entirely isothermal but remains within
20 oC of the peak for approximately 270 µs. Within 5 ms, the surface cools and
returns to essentially the initial substrate temperature. Simulations were used
to estimate peak temperatures as a function of the CO2 laser power at a dwell
time of 500 µs as shown in Figure 2.1(b). To achieve equal temperatures, the
power must be decreased as the dwell increases. Simulated temperatures were
calibrated with actual experimental conditions using the melting temperature
of pure silicon. However, as temperatures are estimated from the simulation,
data hereafter are presented as actual laser powers (W) along with the estimated
maximum temperatures. For the measured beam profile, the value of the linear
power density (W/cm) is approximately 10 times the absolute laser power in
watts.
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Figure 2.1: Simulated surface temperature of a heavily doped silicon substrate
as a function of time (upper) and as a function of CO2 laser power density (bot-
tom) at 500 µs dwell time. As shown in the upper plot, the peak temperature is




Two resist copolymers and three photoacid generators (PAGs) were used in this
study to make several resist formulations (Fig. 2.2). Poly(hydroxystyrene-co-
styrene-co-tert-butylacrylate) (ESCAP) (glass transition temperature: ∼147oC),
with a number average molecular weight (Mn) = 13,100 g/mol, polydisper-
sity (Mw/Mn) = 2.06, and 59.3/15.7/25 composition by mole, was obtained
from DuPont Electronic Materials. Poly(methyladamantane methacrylate-co-α-
methacryloxy-γ-butyrolactone) (P(MAdMA-co-GBLMA) or 193resist for short)
(molar ratio: 43.5/56.5, glass transition temperature: ∼157oC) was kindly
provided by Mitsubishi Rayon America Inc. Triarylsulfonium hexafluoroan-
timonate salts (50 wt.% in propylene carbonate) (THS), triphenylsulfonium
perfluoro-1-butanesufonate (TPS-Nf), N-hydroxynaphthalimide triflate (NI-
Tf), coumarin 6, poly(hydroxystyrene) (PHOST), and hexamethyldisilazane
(HMDS) were used as received from Sigma-Aldrich. Finally, a formulated and
commercially available photoresist TOK-EUVR P1123 ME was kindly provided
by TOK America.
2.3.2 Sample Preparation and Exposure
Single layers of photoresist were spin-cast onto HMDS-primed heavily doped
silicon wafers (4” P/BOR 〈100〉 0.01-0.02 Ωcm, 500-550 µm SSP) from 5 wt.%
solutions of propylene glycol methyl ether acetate (PGMEA) with 5 wt.% (with
respect to resist copolymers) loading of PAGs. After spin casting, a post apply
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Figure 2.2: Chemical structures of resist copolymers and photoacid generators
used in the experiments.
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Figure 2.3: Bilayer sample preparation using the PDMS stamping technique.
bake (PAB) was performed at 130 oC for 60 sec to evaporate the spinning solvent.
A PDMS stamping technique was used to create bilayer samples with PAG-
loaded resist films at the top and PAG-free films at the bottom (Fig. 2.3).[39]
The bottom layers of bilayer samples were prepared on HMDS-primed heavily
doped silicon wafers from PAG-free solutions in the same way as single layer
samples. Resist solutions containing PAG were spin-cast on PDMS substrates
and then stamped onto prepared PAG-free resist films at 90 oC for 20 sec. PDMS
stamps were peeled off after the stacks cooled down to room temperature. The
resist bilayers were baked again at 115 oC for 60 sec to remove any residual
spinning solvent. A typical bottom layer was about 100 nm thick while a top
layer was measured to be between 50 and 60 nm thick.
DUV exposure was carried out for varying times using an HTG (Hybrid
Technology Group) System III-HR contact/proximity mask aligner at wave-
lengths of 235-260 nm (measured power 2.5 mW/cm2 at 254 nm) or 405 nm
(measured power 20 mW/cm2) or an ABM high resolution mask aligner at 254
nm (measured power ∼6 mW/cm2). DUV flood exposure was conducted on sin-
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gle photoresist layers for contrast curves and all bilayer samples while a quartz
mask was used for patterning of single layers. Electron beam patterning was
performed using a Leica VB6 operating at 100 kV. EUV exposure at 13.5 nm was
performed at the Lawrence Berkeley National Laboratory (LBNL) Advanced
Light Source (ALS) or an EUV ROX system at SEMATECH (Albany, NY).
2.3.3 Post-Exposure Baking and Development
After DUV exposure, the photoresist films were baked using either a hotplate
(115 oC/60 s or 30-380 oC/15-120 s) or the CO2 based LSA system. The LSA
system consists of a CO2 laser, a He-Ne laser (for collimation and marking of
optical path), a beam splitter, shutters, focus lenses, and reflecting mirrors. A
schematic and some photos of the setup are shown in Fig. 2.4 and Fig. 2.5 re-
spectively. The CO2 laser (λ = 10.6 µm) provides up to 110 W of power in a
focused beam 140 × 1000 µm2 on the wafer surface. Samples are scanned under
the beam at a dwell time of 500 µs. The laser beam is stepped 109 µm between
scans to fully anneal the irradiated area. The CO2 laser power is adjusted to con-
trol the peak temperatures. For precision, however, laser power is mainly used
in discussions, sometimes along with a simulated temperature for reference.
An aqueous solution of tetramethylammonium hydroxide (TMAH 0.26 N;
AZ 300 MIF) was purchased from AZ Electronic Materials USA Corp. and used
as received. All the exposed photoresist films were developed in 0.26 N TMAH
for 60 seconds, rinsed with de-ionized water, and blown dry with nitrogen.
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Figure 2.4: A schematic of the laser annealing PEB system setup.
Figure 2.5: Photos of the laser annealing system setup.
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2.3.4 Characterization
Film thickness was measured using a FilmMetrics film measurement system.
Optical microscopy images were taken on an Olympus BX60/U-CFU micro-
scope. A LEO 1550 FESEM was used for scanning electron microscopy on high
resolution patterns. Atomic force microscopy (AFM) was performed on devel-
oped bilayer samples with a Veeco Dimension 3100 in tapping mode.
2.4 Thermal Stability of Photoresist Components
Thermal stability of several polymer and photoacid generator (PAG) resist sys-
tems were studied under 500 µs laser spike annealing. All the resist systems
exhibited remarkable stability in this temperature/time regime, with the max-
imum useful temperature limited by thermal deprotection and/or decomposi-
tion of the polymer backbone.
Resist polymers ESCAP and P(MAdMA-co-GBLMA) with and without PAG
TPS-Nf were annealed at varying laser powers (temperatures) to test their ther-
mal stability. Figure 2.6 shows the film thickness of post-annealed polymer films
before and after developing in 0.26 N TMAH for 60 sec. For example, for ES-
CAP and ESCAP/TPS-Nf, laser powers above ∼ 55 W removed the films en-
tirely, with partial thickness loss for powers above 40 W. Partial film loss after
development was observed between 35 and 40 W. The P(MAdMA-co-GBLMA)
resist systems behaved qualitatively the same. We believe that thermal decom-
position of polymer backbone occurred at the highest powers (temperatures)
with thermal deprotection of protecting groups occurring in the intermediate
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Figure 2.6: Thickness of ESCAP vs. ESCAP/TPS-Nf films (upper) and
P(MAdMA-co-GBLMA) vs. P(MAdMA-co-GBLMA)/TPS-Nf films (bottom)
under CO2 laser PEB at different powers, before and after developing in 0.26
N TMAH for 60 sec.
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temperatures. From Figure 2.1, the critical critical temperature for resist loss by
thermal deprotection is ≈ 400 oC. The resist itself can survive to temperatures
on the order of 500 oC, a direct result of sub-millisecond time scales involved.
For ESCAP, a significant temperature difference exists between thermal depro-
tection and resist decomposition, while both occur at approximately the same
temperature with the P(MAdMA-co-GBLMA) resist. As no difference is noted
between PAG containing and PAG free films, we also conclude that the PAG was
stable to the highest temperatures used. Between ∼ 20 and 35 W, the ESCAP film
loss after development was less than that observed below 20 W, indicating that
LSA hindered dissolution of ESCAP at moderate powers (temperatures). This
may be the result of further removal of residual solvents from the ESCAP films
during laser heating at moderate temperatures. Loss of the solvents would re-
sult in less free volume (closer packing of molecules) in the polymers and thus a
reduced dissolution rate in TMAH. From these stability studies, the appropriate
PEB processing condition for both P(MAdMA-co-GBLMA) and ESCAP must be
below 35 - 40 W.
For comparison, Figure 2.7 shows film thickness of ESCAP (without PAG)
annealed on a hot plate for 15, 60, and 120 sec at different temperatures. The
temperature required for full film removal after development ranges from 200
to 250 oC for 15 - 120 seconds. This is consistent with the estimated temperatures
under LSA given the much longer time scales.
With regard to other aspects of laser annealed resist films, at moderate laser
powers (below 35 W), the resists could be readily stripped; at higher powers,
some residuals were observed, indicating some thermally induced decompo-
sition. Etch resistance of laser annealed resist films was investigated after de-
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Figure 2.7: Film thickness of ESCAP (without PAG) annealed on a hot plate for
15, 60, and 120 sec at different temperatures.
velopment of the films in 0.26 N TMAH. Figure 2.8 shows that there was no
significant change in etch resistance between unannealed (0 W) and annealed
(up to ∼ 35 W) photoresist films for both CHF3(50 sccm)/O2(2 sccm) and CF4(30
sccm) etch, which confirms the preservation of the chemical integrity of the re-
sists after laser annealing.
Thermal or IR induced decomposition of PAGs was investigated by adding
an acid sensitive dye indicator coumarin 6 (C6) to PHOST/PAG solutions.
PHOST was selected as the polymer matrix because it lacks acid-labile protect-
ing groups and thus no additional hydroxyl groups result from thermal depro-
tection during PEB. Hydroxyl groups are known to ”trap” photoacids via hy-
drogen bonding. Photoacids generated through PAG decomposition react with
C6 molecule (strong light absorption at 470 nm) to form a protonated coumarin
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Figure 2.8: Etch rates of laser post exposure baked ESCAP (upper) and
P(MAdMA-co-GBLMA) (bottom) resist films.
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(a) Absorbance spectra of annealed PHOST/C6
(b) Absorbance spectra of PHOST/TPS-Nf/C6 (c) Absorbance peak height vs. exposure time
Figure 2.9: Demonstration of using C6 as an acid indicator in PHOST/PAG
films. (a) Absorbance spectra of PHOST/C6 annealed at laser powers varying
from 0 to 35 W. (b) Absorbance spectra of PHOST/TPS-Nf/C6 exposed at DUV
for 2 - 14 sec. (c) Fitting absorbance peak height data of C6+ versus exposure
time.
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(C6+) which shows an absorption peak at 535 nm in PHOST films. The complex
refractive indices of each film were used to calculate the C6+ absorbance (αC6+)
according to the equation αC6+ = 4pik(λ)/λ where k is the imaginary part of the
refractive index and λ is the corresponding wavelength.
Stability of C6 in a PHOST film under laser heating was first tested with the
results shown in Figure 2.9(a). The absorbance spectra of a PHOST/C6 film
do not show much difference from 0 W to approximately 29 W while the ab-
sorbance peak height decreases as laser power increases above 30 W, which may
indicate thermal decomposition of C6 molecules. Therefore, C6 can work prop-
erly as an acid indicator for laser PEB below ≈ 30 W (≈ 250 oC).
As a proof of the validity of the methodology, Figure 2.9(b) displays the
absorbance peak height of a PHOST/TPS-Nf/C6 film as a function of expo-
sure time (dose) with no PEB. The absorbance peak height is plotted against
exposure time in Figure 2.9(c) and increases as expected with exposure dose.
The curve was fit using a relation y = a · (1 − e−b·x) based on the Dill equation
H = [PAG] · (1 − e−C·E).
Films of PHOST/C6 formulated with three different PAGs (TPS-Nf, THS,
and NI-Tf) were prepared, exposed to laser PEB, and tested for the thermal sta-
bility of the PAGs. The absorption spectra of the films annealed at laser powers
up to 35 W are shown in Figure 2.10. No absorption peak at 535 nm was ob-
served in films containing the two ionic PAGs (TPS-Nf and THS) while the film
containing the non-ionic PAG NI-Tf shows a small peak at 535 nm in the ab-
sorption spectra at and above 20 W indicating existence of acids from thermally
decomposed NI-Tf. In summary, TPS-Nf and THS are thermally more stable
than NI-Tf at powers above 20 W.
37
(a) Absorbance spectra of PHOST/C6/TPS-Nf (b) Absorbance spectra of PHOST/C6/THS
(c) Absorbance spectra of PHOST/C6/NI-Tf
Figure 2.10: Thermal stability of three PAGs under laser annealing. Absorbance
spectra of annealed films of PHOST, C6 and a PAG: (a) TPS-Nf, (b) THS, (c)
NI-Tf.
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2.5 Resist Sensitivity Change Under Laser PEB
The sensitivities (dose-to-clear) of several resist systems were compared un-
der laser PEB and conventional hot plate PEB. Data for the P(MAdMA-co-
GBLMA)/NI-Tf resist are illustrated in Figure 2.11 as an example. Under deep
ultraviolet (DUV) (235-260 nm) exposure on HTG contact aligner, this resist
system showed a more than 2.5 times sensitivity enhancement with laser PEB
above 33 W. Micron line patterns of comparable quality were obtained at only
40% of the exposure dose for laser PEB compared to hot plate PEB. A similar
trend was observed for 405 nm exposure with sensitivity enhancements up to 5
times.
A quantitative comparison of E0 (dose-to-clear) of laser PEB and hot plate
PEB is summarized in Figure 2.12. Although all of the resist systems behaved
similarly, there were some interesting differences. For all but the ESCAP/NI-
Tf system under DUV exposure, the sensitivity improved with increasing laser
power (temperature). P(MAdMA-co-GBLMA)/NI-Tf showed the strongest sen-
sitivity to temperature, while ESCAP/THS showed a consistent weak depen-
dence. ESCAP/NI-Tf showed lowered sensitivity under DUV irradiation but
improved sensitivity under 405 nm illumination. The temperature sensitivity is
associated with thermal activation of PAGs and the activation energies for de-
protection, while the origin of the wavelength dependence remains unclear at
the moment.
The sensitivity enhancement may also be linked to transient trapping and/or
quenching of photogenerated acids. The thermal ramp of laser PEB is extremely
high (106 K/s compared to < 100 K/s for hot plates) and may be as important
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Figure 2.11: Contrast curves (a)(d) of the P(MAdMA-co-GBLMA)/NI-Tf resist
system and optical microscopy images of patterned resist films of hot plate [(b)
and (e), dose was 14.0 and 10.5 mJ/cm2 respectively] and laser PEB [(c) and (f),
dose was 6.0 and 3.4 mJ/cm2 respectively]. DUV (235-260 nm) exposure (a)-(c);
405 nm exposure (d)-(f).
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Figure 2.12: Comparison of E0 for the resist systems of hot plate and laser PEB
at 30, 33, and 36 W under (a) DUV (235-260 nm) and (b) 405 nm exposure.
as peak temperature. PEB on a hot plate may allow limited use of the photoacid
before being trapped at quench sites formed upon exposure, while laser PEB
can provide sufficient PEB temperature to continually break the trap/quench
site and enable continued deprotection.
In contrast, the commercially available TOK-EUVR P1123 ME resist was also
tested at DUV exposure wavelengths. Over a wide range of laser PEB condi-
tions, the dose-to-clear showed only small changes and generally slightly less
sensitivity than the hot plate PEB (Fig. 2.13).
In this section, we discussed the difference in resist sensitivity when using
sub-millisecond laser PEB versus minute scale hot plate PEB. Under DUV ex-
posure at 235-260 nm, up to 3.5 times sensitivity enhancement was achieved for
P(MAdMA-co-GBLMA)/NI-Tf resist system, 0.67 times for ESCAP/NI-Tf and
3 times for ESCAP/THS. Under 405 nm exposure, up to 5.3 times sensitivity
enhancement was achieved for P(MAdMA-co-GBLMA)/NI-Tf resist system, 3
times for ESCAP/NI-Tf and 4.2 times for ESCAP/THS. Comparable imaging
capabilities were observed.
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Figure 2.13: Contrast curves of (a) TOK-EUVR P1123 ME resist and optical mi-
croscopy images of patterned resist films of (b) hot plate and (c) laser PEB under
DUV (235-260 nm) exposure.
2.6 High Resolution Patterning
To assess the potential for high resolution patterns with laser PEB, electron-
beam lithography was used to pattern the TOK-EUVR P1123 ME resist. Figure
2.14 shows SEM images of 80 nm 1:1 line/space patterns annealed by hot plate
(100 oC, 90 sec; e-beam dose = 17.4 µC/cm2) and laser PEB (31 W, 500 µs; e-beam
dose = 43.1 µC/cm2). Line edges of the laser sample clearly demonstrate less
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Figure 2.14: SEM images of electron-beam patterned TOK-EUVR P1123 ME re-
sist with (a) hot plate and (b) laser PEB.
Figure 2.15: SEM images of EUV patterned P(MAdMA-co-GBLMA)/THS resist
with (a) hot plate and (b) laser PEB.
roughness than the hot plate sample.
While comparable patterning resolution was observed, the dose required
more than doubled from the hot plate to laser PEB. The mechanism for this loss
of sensitivity under e-beam exposure is not clear at this time. It is possible that
damage from the energetic electron beam may result in additional trap/quench
in sites that remain active under the fast thermal ramp of laser PEB.
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EUV exposure at 13.5 nm was conducted on P(MAdMA-co-GBLMA)/THS
films at the Lawrence Berkeley National Laboratory (LBNL) Advanced Light
Source (ALS). Figure 2.15 shows SEM images of 100 nm half-pitch lines for both
laser PEB (22 W, 500 µs) and hot plate (115 oC, 60 sec) PEB. While the resolutions
are comparable, the photoresist line edges are smoother on the laser PEB sample
(dose = 3.86 mJ/cm2) compared to the hot plate one (dose = 9.04 mJ/cm2). An
enhanced sensitivity was observed with laser PEB under EUV exposure just as
under longer wavelength photon irradiations, which implies that the different
mechanisms of electron-beam and photon exposures may be the reason for the
divergence in resist sensitivity change.
2.7 Characterization of Acid Diffusion by Resist Bilayers
As patterning feature sizes move toward 22 nm and beyond, the challenge to
simultaneously reduce exposure dose, feature critical dimension (CD), and line
edge roughness (LER) has been attacked experimentally and theoretically. The
tri-lateral challenge of resolution, dose, and LER suggests only two of these
metrics may be met simultaneously at the sacrifice of the third.[128]
To quantify photoacid diffusion in resists and study its effect on CD and
LER, an approach of creating a resist bilayer structure with PAG loaded just in
the top layer was proposed to mimic an ideal lithographic line-edge that forms a
well-defined step gradient of photoacids after flood light exposure.[39] After ex-
posure and PEB, the samples were developed so that acid diffusion from the top
PAG-loaded layer to the bottom PAG-free layer could be indirectly measured by
the film thickness loss (due to acid-catalyzed deprotection) in the bottom layer
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and the surface roughness of the bottom layer could be quantified by AFM to
correlate with LER in real lithographic patterning. Our goal here is to compare
hot plate PEB with laser PEB in terms of how photoacids generated upon irra-
diation diffuse in resists during the heating step.
The bilayer experiments were first carried out using an EUV (wave-
length = 13.5 nm) irradiation source on an EUV ROX system at SEMATECH
(Albany, NY). The samples consisted of a PAG(THS)-loaded P(MAdMA-co-
GBLMA)(193resist for short in this section) layer at the top and a PAG-free
193resist layer at the bottom. After EUV exposure, the samples were annealed
with laser from 18 to 30 W at a dwell time of 500 µs. Subsequently, the sam-
ples were developed in 0.26 N TMAH for 60 sec and rinsed with de-ionized
water. Film thickness was measured on a FilMetrics. Figure 2.16(a) plots post-
development film thickness against EUV exposure dose. The horizonal line at
around y = 0.55 marks the interface between the top PAG-loaded layer and the
bottom PAG-free layer. At higher laser powers, the top layer dissolved at lower
exposure doses, e.g. 2 mJ/cm2 for 26 W versus 6 mJ/cm2 for 22 W. By increasing
EUV exposure dose above the threshold to clear the top layer after development,
more photoacids were generated in the PAG-loaded top layer, which then dif-
fused into the PAG-free bottom layer so as to deprotect the resist polymer and
render part of the bottom layer soluble in the developer. The dose to clear the
bottom layer was lower at a higher laser power, e.g. 8 mJ/cm2 for 30 W versus
> 10 mJ/cm2 for 22 W or lower powers.
The data points under the horizontal line y = 0.55 are of interest because they
represent conditions where the top layer is cleared after development, which




Figure 2.16: Film thickness (a) and surface roughness (b) of 193resist/THS bi-
layer samples after EUV exposure, hot plate or laser PEB, and development.
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Figure 2.17: Film thickness of 193resist/THS bilayer samples after DUV expo-
sure, hot plate or laser PEB, and development.
tone resist in real lithographic patterning. Surface roughness of the sample re-
gions with normalized film thickness below 0.55 was measured by AFM and is
displayed in Figure 2.16(b). While roughness seemed to increase slightly with
higher dose, it is much more obvious that a higher laser power for PEB gen-
erally resulted in a larger surface roughness than a lower powered laser PEB,
especially when the exposure conditions were comparable. Considering both
the bottom layer thickness loss and developed surface roughness data shown
in Fig. 2.16, it can be inferred that exposure dose, laser power, acid diffusion
length, and surface roughness are all correlated and that lower laser powers
may be the correct path to push for smaller acid diffusion and lower surface
roughness but at the sacrifice of exposure dose.
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Table 2.1: Summary of DUV exposure time, PEB conditions, and surface rough-
ness of the post-development sample regions with a common thickness loss of
∼ 10 nm in the bottom layer.
115oC/60sec 22W/500µs 26W/500µs 30W/500µs
DUV exposure time (sec) 1.0 5.4 1.8 0.6
Thickness loss (nm) 10.5 11.2 13.3 9.6
Surface roughness (nm) 0.828 0.880 0.918 1.42
As data of EUV exposed bilayer samples by hot plate PEB was missing to
compare with laser PEB, DUV exposure was conducted on another batch of
193resist/THS samples on an ABM contact aligner at 254 nm (measured power
∼6 mW/cm2) for exposure up to 6 sec. Following exposure, the films were an-
nealed on a hot plate at 115 oC or 130 oC for 60 sec or by laser from 22 to 30
W with a dwell time of 500 µs. The processing and characterization steps after
PEB were identical with those for the EUV exposed samples. Figure 2.17 plots
post-development film thickness against DUV exposure time under different
PEB conditions. The horizonal line at around y = 0.65 marks the interface be-
tween the top PAG-loaded layer and the bottom PAG-free layer. The trend that
lower exposure time was needed to clear the top layer or the whole bilayer with
higher laser power was again observed with DUV exposed samples. The obser-
vation was consistent with the hot plate PEB results and expected as photoacids
diffuse faster at a higher PEB temperature. As shown in Figure 2.17, under the
same exposure conditions, thickness loss in the bottom layer was smaller with
laser PEB at 22-26W/500µs than hot plate PEB at 115oC/60sec, which is the typ-
ical PEB condition for the resist system.
Surface roughness data of post-development samples is selected and com-
pared in two tables. Table 2.1 summarizes the exposure time, PEB conditions,
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Table 2.2: Summary of DUV exposure time, PEB conditions, and surface rough-
ness of the post-development sample regions with a common thickness loss of
∼ 48 nm in the bottom layer.
115oC/60sec 130oC/60sec 26W/500µs 28W/500µs 30W/500µs
Expo. time (sec) 5.0 1.0 4.8 1.8 1.2
∆d (nm) 47.4 48.3 49.4 42.7 48.0
Rq (nm) 1.00 1.66 0.940 1.07 1.43
and surface roughness of the post-development sample regions with a common
thickness loss of ∼ 10 nm in the bottom layer. The DUV exposure time for hot
plate PEB at 115oC was on the same order as only that for laser PEB at 30 W
but much shorter than the exposure time for laser PEB at 22 or 26 W. In terms
of surface roughness, laser PEB generated rougher post-development surfaces
than hot plate PEB at 115 oC, especially at higher temperatures.
Table 2.2 is similar to table 2.1 except that the comparison is made at a com-
mon thickness loss of ∼ 48 nm in the bottom layer. While hot plate PEB at
130oC/60sec and laser PEB 30W/500µs appeared to give the roughest devel-
oped surfaces, laser PEB at 26 and 28 W resulted in surface roughness compa-
rable to hot plate PEB at 115 oC with a shorter exposure time.
Figure 2.18 plots surface roughness of post-development 193resist/THS
samples against thickness loss in the bottom layer under different PEB condi-
tions, with the data uncertainty within ≈ 5 % of the mean. It is noteworthy to
point out that the 193 resist material used in the DUV exposure experiments was
from a product batch different from that used in the EUV exposure experiments,
so the molar ratio of the two blocks in the polymers and the molecular weight
distribution were not idential between batches and this may explain some in-
consistency in the range of measured surface roughness data. However, the
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Figure 2.18: The relationship between surface roughness of post-development
193resist/THS samples (with hot plate PEB at 115 oC and laser PEB at 26, 28,
and 30 W) and thickness loss in the bottom layer.
comparison between hot plate and laser PEB is not compromised because the
same resist formulation was used in this case for both the PEB methods.
For hot plate PEB at 115oC/60sec, there was a clear trend of surface rough-
ness increasing monotonically with thickness loss in the resist bottom layer. The
dependance of surface roughness on film thickness loss was surprisingly not
evident with laser PEB while laser power still had a large impact on surface
roughness. For laser powers of 26 and 28 W, a similar range of surface rough-
ness was observed for hot plate PEB at 115 oC. Based on the data presented
in the plot, decreasing the laser power below 26 W can be expected to reduce
surface roughness below that of a hot plate PEB.
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2.8 Conclusions and Future Work
Preliminary and fundamental studies have been carried out to explore laser
spike annealing for the first time as an alternative to hot plate annealing with
hopefully improved performance. Sensitivity to exposure, LER in real litho-
graphic patterning, and acid diffusion in resists and its effect on LER have been
observed to be all different for laser PEB when compared to hot plate PEB. No
proposed model is confirmed to explain the differences, but physical chemistry
of resists during a post exposure bake with an enormously faster thermal ramp
rate and a significantly shorter annealing time frame may account for some of
the experimental observations.
For better understanding of laser PEB working mechanism and utilizing it
to our advantage, future work should include studying the impact of varying
laser anneal dwell time on acid diffusion and LER in resists, more research effort
on low laser powers (< 26 W), expanding the resist library for study, and even
using neutron reflectometry to determine and compare acid reaction-diffusion
front profiles in resist films heated by laser and hot plate.
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CHAPTER 3
SUPERCRITICAL CARBON DIOXIDE DEVELOPMENT FOR
PHOTORESISTS
Supercritical fluids are a state of matter above both critical pressures and
critial temperatures and possess properties intermediate between liquid and
gas. Their liquid-like densities can facilitate dissolution of reagents and tunabil-
ity of solvating power while their gas-like properties including high diffusivity
and low viscosities are ideal for processing at the sub-micron scale. This chapter
briefly reviews materials processing with supercritical CO2 in the semiconduc-
tor industry, especially development of polymeric and molecular photoresists
in supercritical CO2. Since some of the processes depend highly on dissolution
of materials in CO2, mechanisms of material solubility in CO2 are discussed and
an approximation modeling method is proposed to predict the solubility. Exper-
imental work on alicyclic molecular glass resists is presented as an example of
incorporation of 193-nm lithography with supercritical CO2 development. Fu-
ture directions in the field of supercritical CO2 development are discussed at the
end of the chapter.
3.1 Materials Processing with Supercritical CO2
For the semiconductor industry, supercritical CO2 has been involved in materi-
als processing steps such as conformal metal and metal oxide deposition [47, 48]
1Section 3.2.1 is reproduced with permission from J. Sha and C. K. Ober, ”Fluorine- and
siloxane-containing polymers for supercritical carbon dioxide lithography”, Polymer Interna-
tional, 58, 302 (2009). Copyright 2009 John Wiley and Sons.
2Section 3.4 is reproduced with permission from J. Sha, J.-K. Lee, and C. K. Ober, ”Molecular
Glass Resists Developable in Supercritical CO2 for 193-nm Lithography”, Proceedings of SPIE,
Vol. 7273, 72732T (2009). Copyright 2009 Society of Photo Optical Instrumentation Engineers.
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(a) Supercritical drying process
(b) CO2 phase diagram
Figure 3.1: (a) Schematic of supercritical drying process and (b) CO2 phase
diagram.[76] Reproduced by permission of The Royal Society of Chemistry.
and etching [49, 50], preparation of porous ultra low k dielectrics [51, 52], wafer
cleaning [56] and photoresist stripping [57], and photoresist processing [53] and
development [54, 55, 75].
To show one of the advantages of supercritical fluids over conventional sol-
vents, a supercritical drying process is illustrated in a P − T phase diagram
(Fig. 3.1(a)). The arrow shows the phase change path from liquid to gas phase
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through the intermediate supercritical state. The benefit of this path is that the
liquid-gas equilibrium line is never crossed and thus the drying fluid exists in
only one phase all the time. Because of zero surface tension during the process,
supercritical drying allows dense and high-aspect ratio features to be cleaned
without causing any collapse. Fluids suitable for supercritical drying include
carbon dioxide, freon, nitrous oxide and water. CO2 is usually chosen as a su-
percritical drying solvent because its supercritical conditions are easily accessi-
ble (Tc = 31.1oC, Pc = 7.39MPa) (Fig. 3.1(b)) and CO2 is relatively inert compared
to other solvent candidates.
3.2 Supercritical CO2 Development
3.2.1 Polymeric Resists for Supercritical CO2 Development
Although CO2 tends to be a very poor solvent for most polymers including cur-
rent mainstream photoresists, certain fluorine- and siloxane-containing poly-
mers have been shown soluble under moderate supercritical conditions.
Fluorinated Polymers
In an early example of a scCO2-developable photoresist, tetrahydropyranyl
methacrylate (THPMA) and fluorinated methacrylate (F7MA) were combined
in a block copolymer [P(THPMA-block-F7MA)] and shown to possess sub-
micrometer patterning capabilities with scCO2 development.[75] The very non-
polar fluoromethacrylate, highly soluble in scCO2, was chosen for copolymer-
54
Figure 3.2: Lithographic patterning mechanism of the negative-tone scCO2-
developable P(THPMA-block-F7MA).
ization with THPMA, which in the presence of protons undergoes chemically
amplified polarity change and thus solubility change of the block copolymer in
scCO2. Figure 3.2 shows the patterning mechanism of this chemically ampli-
fied negative-tone photoresist. The lithographic performance of the resist was
characterized after 193 nm exposure and scCO2 development. The achieved
resolution was 0.1 µm.
Using the same block copolymer system, in situ chemical modification
through silylation was proposed to create a positive-tone scCO2 developable
resist.[77] Light exposure at 248 nm of a cast film of the block copolymer and
photoacid generator (PAG) molecules resulted in the formation of photoacids
in the exposed region. After a post-exposure bake step, the acids cleaved the
tetrahydropyranyl (THP) groups to produce methacrylic acid. During the sub-
sequent silylation with either hexamethyldisilazane (HMDS) or tetramethyld-
isilazane (TMDS), the vapor of the silylation agent diffused into the polymer
film and reacted with the available carboxylic acid groups. The attachment
of O-Si(CH3)3 groups to the acid functions helped the exposed region regain
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solubility in scCO2 due to the favorable interaction between the organosilicon
functional groups and CO2. UV flood exposure was then applied to activate un-
reacted photoacid generators to cleave nonpolar THP protecting groups in the
previously unexposed regions and render the polymers less soluble in scCO2.
After the silylation step and the following flood exposure, positive-tone patterns
were achieved with good structural integrity down to 500 nm lines/spaces. Fig-
ure 3.3 illustrates the process for image reversal of the polymer resist.[78] While
image reversal was successfully achieved with P(THPMA-block-F7MA), perfor-
mance limitations such as incomplete film removal and excessive surface rough-
ness were apparent, which might result from a block copolymer segregation
effect. These problems could be solved by employing a P(THPMA-F7MA) ran-
dom copolymer (60:40 molar ratio).[77] Figure 3.4 demonstrates the negative-
tone and positive-tone patterning capabilities of the random copolymer. Be-
sides using the aforementioned fluoromethacrylates as a block in some poly-
meric photoresists, efforts have also been made to explore other polymer back-
bones for scCO2 development. One example is fluorinated polymers with stiff
alicyclic backbones. Addition polymers (Fig. 3.5) containing a norbornyl back-
bone and fluorinated moieties were synthesized and the hydroxyl groups were
protected with chemically amplified switching groups such as t-butoxycarbonyl
group.[79] Lithographic imaging produced dense lines of the photoresist as
small as 3 µm.
Besides developing high-aspect-ratio photoresist patterns in a more envi-
ronmentally friendly way, supercritical CO2 provides additional advantages
over conventional developers because of the inert property of CO2. One of
the challenges for patterning organic semiconducting materials with conven-
tional photolithography is the use of aqueous developer solutions which can
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Figure 3.3: Schematic of the process to achieve image reversal and thus positive-
tone scCO2-developable resist with an additional silylation step using HMDS.
Reprinted with permission from the authors of Pham et al.[78]
degrade the integrity of delicate organic materials so as to affect device per-
formance. Recently, Lee and co-workers demonstrated the concept of orthogo-
nal development by fabricating a patterned organic light-emitting device using
scCO2 development.[84] A resist similar to P(THPMA-F7MA) (shown in Fig.
3.2) was exposed to UV light through a mask and developed in scCO2 at 40 oC
and 27 MPa to give a negative-tone resist image on top of a film of poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) (Figs. 3.6 (a) and
(b)). It is worth mentioning that conventional aqueous developers can seriously
damage the water-soluble PEDOT:PSS conducting film while scCO2 leaves the
film intact. Following the development, a solution of an organic light emitting
material was spin-coated onto the patterned resist/PEDOT:PSS surface and fi-
nally a CsF/Al cathode was thermally deposited on top. The electroluminescent
device showed uniform light emission during operation even from 5 µm pat-
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Figure 3.4: SEM images of the THPMA-F7MA random copolymer resist pat-
terned by 248 nm photolithography: (a) negative-tone patterns developed by
scCO2; (b) positive-tone patterns after silylation with HMDS and scCO2 de-
velopment; (c) positive-tone patterns developed by scCO2 after silylation with
TMDS which was used to improve the lithographic performance. (Reprinted
with permission from Pham et al.[77] Copyright 2008 American Chemical Soci-
ety.)
Figure 3.5: Synthesis schematic of the fluorinated addition copolymer of
(norbonyl)perfluorooctyl acrylate (NBFOA) and (norbornyl)-1,1,1-trifluoro-2-
tri(fluoromethyl)propan-2-ol (NBHFA). (Adapted from scheme 1 of Boggiano
et al.[79]).
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Figure 3.6: Photolithographic patterning an organic light-emitting diode with
scCO2 development: (a) the chemical reaction of the patterning materials upon
exposure and baking; (b) schematic of device fabrication steps; (c) images of the
final light-emitting device.[84] Reproduced by permission of The Royal Society
of Chemistry.
terns (Fig. 3.6c). This scCO2 development approach is highly compatible with
the majority of materials used in organic electronic devices as well as materials
in inorganic electronics.
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Figure 3.7: Solubility change mechanism of polysilane and P(t-BMA-block-
SiMA) by photoinduced chemical reactions. (Adapted from Fig. 1 of Ober et
al.[81])
Siloxane-Containing Polymers
Like fluorinated polymers, siloxane-containing polymers are also often solu-
ble in scCO2. They not only have the needed solubility in scCO2 but also
may be used as etch-resistant components. One of the early attempts to con-
struct siloxane containing polymers that are processable in scCO2 was to con-
vert polysilanes to polysiloxanes by the photoinduced insertion of oxygen
(Fig. 3.7a).[80, 81] The polymers were transformed from insoluble in scCO2
to soluble and successfully imaged as a positive-tone resist. For negative-
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tone imaging, several scCO2-developable copolymers were produced from t-
butyl methacrylate (t-BMA) and 3-methacryloxypropylpentamethyldisiloxane
(SiMA) (Fig. 3.7b).[81, 82, 83] Although poly(t-BMA) homopolymer is usu-
ally insoluble in scCO2, the solubility of the block copolymer poly(t-BMA-block-
SiMA) was observed to increase when the weight fraction of the SiMA monomer
units was raised. The block copolymer demonstrated excellent photosensitivity
and good contrast as patterning materials.
3.2.2 Molecular Glass Resists for Supercritical CO2 Develop-
ment
Although scCO2-processable polymeric photoresists have been investigated,
sub 100 nm features were not achieved until some recent studies on high res-
olution patterning of molecular glass resists.[89] Molecular glass resists are
low molecular-weight, amorphous imaging materials with low polydispersity,
good thermal stability, and film-forming properties. They have been recog-
nized as outstanding candidates for next-generation lithography because of
their smaller addressable sizes compared to polymeric resists.[85, 86] In the
aforementioned study by Felix et al., CO2-insoluble hexa(hydroxyphenyl) ben-
zene (HHPB) molecules were investigated as a molecular glass resist for scCO2
development.[89] It was found that protection of the six hydroxyl moieties with
tert-butoxycarbonyl (tBoc) groups produced an amorphous material which is
soluble in scCO2 (Fig. 3.8a). Electron beam exposure of a thin film of tBoc pro-
tected HHPB and PAG and subsequent development of the film in scCO2 (35
oC, 34 MPa, 3 min) resulted in non-collapsed 50 nm line/space patterns with an
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Figure 3.8: Lithographic patterning of a nonfluorinated molecular glass resist
with scCO2 development. (a) chemical reactions during the patterning process,
(b) SEM images of 50-nm line/space patterns. The right image is an expansion
of the left. Note: HHPB is hexa(hydroxyphenyl)benzene, t-Boc-HHPB is tert-
butoxycarbonyl-protected HHPB, and PAG is photoacid generator. Reproduced
with permission from Reference [89].
aspect ratio of around 3 (note the 11 lines in the middle of Figure 3.8b).
3.3 Solubility in CO2
3.3.1 Molecular Thermodynamics of Organic-CO2 Mixtures
The principles of molecular thermodynamics bridge classical thermodynamics
with physicochemical properties of the components in solution. The molec-
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ularly directed methodology provides insight for design of materials that are
miscible in scCO2 at moderate conditions.
To form a stable mixture of organic compounds in scCO2 at a specific
temperature and pressure, the Gibbs free energy must be negative and at a
minimum.[62] The Gibbs free energy of mixing is ∆Gm = ∆Hm − T∆S m, where
∆Hmix and ∆S mix are the change in enthalpy and entropy upon mixing respec-
tively. Enthalpy, in the case of dissolution of organic molecules in scCO2, de-
pends predominantly on solution density and on organic-organic, CO2-CO2,
and organic-CO2 interaction energies. ∆S mix depends on both the combinato-
rial entropy of mixing and the noncombinatorial contribution associated with
the volume change upon mixing. The combinatorial entropy always promotes
the mixing of organic molecules with CO2. Although it is impossible to rigor-
ously decouple energetic and entropic contributions to the Gibbs free energy
of mixing, it is possible to design phase behavior experiments that magnify or
minimize the impact of enthalpies relative to entropic contributions. For those
design experiments, molecular thermodynamics provides an approach to quan-
tifying the interactions that govern the phase behavior of organic-scCO2 mix-
tures.
For a dense solution of scCO2 and organic molecules, ∆Hmix is approximately
equal to the change in internal energy upon mixing, ∆Umix, which is expressed
by the following equation.[63]





Γi j(r,T )gi j(r, ρ,T )r2dr (3.1)
where xi and x j are mole fractions of components i and j respectively, Γi j(r,T )
is the intermolecular pair-potential energy of scCO2 and organic segments,
g(r, ρ,T ) is the radial distribution function, r is the distance between molecules,
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ρ(P,T ) is the solution density, and k is the Boltzmann constant. The equation
provides some generalities about phase behavior. For example, given that the
internal energy of the mixture is roughly proportional to density, the solubility
of an organic compound is expected to improve with increasing system pressure
or use of a denser scCO2 solvent. However, the organic will dissolve only if the
energetics of organic-CO2 interactions outweigh organic-organic and CO2-CO2
interactions, i.e. the intergral in eq. 3.1 cannot be completely ignored.
An approximation form of the intermolecular potential energy Γi j(r,T ) is




















+ · · ·] (3.2)
where α is the component polarizability, µ is the component dipole moment, Q
is the component quadrupole moment, and C1−5 are constants.[62] In the case
of dissolving organic molecules X in scCO2 (µCO2 = 0), the equation can be ren-
dered as













+ · · ·] (3.3)
The term for the potential energy of dipole-quadrupole interactions in eq.
3.3 is inversely proportional to temperature. At elevated temperatures, ther-
mal energy disrupts the configurational alignment of the polar moments of the
X molecules so that they behave as if they were nonpolar. Hence, it may be
possible to dissolve a polar organic material in a nonpolar solvent like scCO2
by increasing temperature. Besides, the strengths of dipole interactions and
quadrupole interactions scale with v−1/2 and v−5/6 respectively, where v is the
molar volume. Elevated pressure favors polar interactions and thus dissolution
of organic molecules in scCO2. Equations 3.1 and 3.3 describe how the solvating
quality of scCO2 can be tuned with changes in pressure and/or temperature, a
degree of flexibility not available with liquid solvents.
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3.3.2 Prediction of Solubility by Modeling
Phase behavior of organic compounds in scCO2 has been predicted by several
modeling theories including Statistical Associating Fluid Theory (SAFT) equa-
tion of state [64, 65, 66, 67, 68], group contribution theory [70, 71, 72], and the-
ories about strong electron-withdrawing groups [73, 74] promoting solute solu-
bility in scCO2.
For more accurate results, ab initio methodology has been used to model the
interaction of CO2 with specific functional groups on polymers.[60, 61] Beck-
man et al. carried out the calculations of the interaction energies between CO2
and the molecules of interest in three steps.[61] First, initial guesses were made
for the configurations by placing a CO2 molecule at various locations around
the target molecule. Second, a Møller-Plesset perturbation theory (MP2) with
the 6-31+g(d) basis set was used to optimize the initial configurations. This
medium-sized basis set was chosen to increase the efficiency of the optimiza-
tion calculations. Finally, single point energy calculations were performed with
MP2 and the Dunning aug-cc-pVDZ basis set on the optimized structures to
obtain more accurate interaction energies.
This modeling process for interaction energies between the target molecule
and CO2 is both time consuming and computing capacity demanding. For a
rough estimation of material solubility in CO2 at an early step of molecular de-
sign, a simpler and more straightforward method is needed. Results of some
modeling work by Beckman and coworkers suggest that, in the configurations
of lowest binding energies, CO2 molecules were observed to be closer to the
most negatively charged elements and their chemically bonded and most posi-
tively charged elements. This can be explained with the fact that only at those
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sites can CO2 quadrupoles have strong attractive interactions with the local
dipoles formed by the highly charged and chemically bonded elements of the
target molecule to promote dissolution.
Following this reasoning, a method for estimation of solubility of
molecules/functional groups in CO2 is proposed here. A simplified chemi-
cal structure is used to increase calculation efficiency. Energy minimization is
first carried out to optimize the initial configuration. Subsequently, Mulliken
charges of all the elements of the molecule are calculated using the HF/6-31g(d)
model (Hartree-Fock theory using a medium-sized basis set). Introducing a
zero-dipole-moment CO2 molecule in the surrounding of an organic molecule
should not result in a significant disturbance of the charge distribution in the
organic molecule. Therefore, a calculation of charge distribution of the organic
molecule, without the effect of CO2 taken into account, is sufficient for qual-
itative analysis. To prove the validity of the method, three sets of modeling
examples are presented here to compared with experimental results.
Protonated versus Fluorinated Methacrylates
Figure 3.9 shows the simplified chemical structures of protonated and fluori-
nated methacrylates for modeling. The fluorinated methacrylate was demon-
strated as a very CO2-soluble block in some copolymers while the protonated
counterpart was not. As seen from the calculated Mullikan charges labeled in
the figure, the major difference between the two methacrylates is that the car-
bon atoms in the side chain of the fluorinated molecule are significantly more
charged than their counterparts in the protonated molecule and the bonded flu-
orine atoms are also more charged than the bonded hydrogen atoms. Therefore,
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Figure 3.9: Simplified chemical structures and modeling results of protonated
(upper) and fluorinated (bottom) methacrylates.
a higher solubility of fluorinated methacrylate results from the stronger local
dipoles caused by fluorine’s electron-withdrawing property.
Silane versus Siloxane
Figure 3.10 displays the simplified models of the chemical structures in Fig-
ure 3.7 and the calculated Mullikan charges of atoms of interest. When silicon
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Figure 3.10: Simplified chemical structures and modeling results of polysilane
(upper) and polysiloxane (bottom).
atoms are directly bonded, they possess moderate Mullikan charges of about
0.5 and the carbon atoms bonded to them are charged at approximately -0.7.
After the insertion of an oxygen atom between the silicon atoms, both the oxy-
gen (O) and silicon atoms (Si(1) & Si(2)) are highly charged compared to the
previous case while the charges of the carbon atoms (C(2)) bonded to Si almost
remain unchanged. Stronger local dipoles and thus higher solubility of siloxane
is confirmed by the modeling method. Due to a solubility difference, the polysi-
lane in Figure 3.7 was successfully used as a positive-tone resist after scCO2
development.[81] It may also be argued that polysiloxane has a more flexible
backbone than polysilane and thus provides a larger change in entropy upon
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Figure 3.11: Simplified chemical structures and modeling results of phenol (up-
per) and tBoc-protected phenol (bottom).
mixing with CO2 which favors dissolution. However, the enthalpic contribu-
tion is the dominant factor according to the estimation results here.
Phenol versus Tert-Butoxycarbonyl Protected Phenol
The tert-butoxycarbonyl (tBoc) group has been widely used in CO2-developable
molecular glass resists with aromatic cores. The modeling results as shown in
Figure 3.11 indicate that the high solubility of tBoc in CO2 results from the high
Mullikan charges of the carbon atom (C(1)) and its surrounding oxygen atoms.
It is confirmed by modeling that tBoc protected molecules are much more solu-
ble in CO2 than their unprotected counterparts terminated by hydroxyl groups.
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The approximation modeling method has proved useful in most cases for an
estimation of material solubility in CO2 and a prediction of contrast between
exposed and unexposed photoresist after scCO2 development. Because this
method is based on the interaction of CO2 with one specific molecule, it may
be limited when predicting solubility of certain compounds, e.g. carboxylic
acids which tend to form dimers resulting in a weaker attractive interaction with
CO2 molecules because of the possible atomic charge redistribution. However,
in terms of modeling solubility contrast in general, the approximation method
should be able to provide some theoretical insight into the molecular design for
CO2-developable photoresists.
Most of the examples modeled above are based on aromatic cores which
have strong absorption at deep UV wavelengths and cannot be used with the
current preferred leading exposure technique, 193 nm (immersion) lithogra-
phy. Molecular designs based on non-aromatic cores need to be tested to check
whether their solubility contrast (solubility before and after protecting groups
are removed) is high enough to qualify for scCO2-developable 193-nm photore-
sists. Below are two examples of non-aromatic based molecular glass resist de-
signs for 193 nm lithography and scCO2 development.
Cyclohexanol versus Tert-Butoxycarbonyl Protected Cyclohexanol
The Mullikan charges were calculated on the elements of a cyclohexanol and
its tBoc protected version. Modeling of the simplified chemical structures were
used to demonstrate whether tBoc protecting groups could still facilitate solu-
bility in CO2 when they were attached to non-aromatic cores. Figure 3.12 shows
that C(1) and its surrounding oxygen atoms were still highly charged even when
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Figure 3.12: Simplified chemical structures and modeling results of cyclohex-
anol (upper) and tBoc-protected cyclohexanol (bottom).
the tBoc protecting group was attached to a cyclohexanol instead of a phenol.
Considering the charge distributions in the cyclohexanol unit, different solubil-
ities in CO2 were expected for cyclohexanol and its tBoc-protected version, just
as the case of phenol and tBoc-protected phenol.
Methylated Cyclodextrin versus tert-Butyl Ester of Methylated Cyclodextrin
Methylated cyclodextrin was simplified to the chemical structure in Figure 3.13
as another non-aromatic core for 193 nm lithography. Considering the ease
of chemical synthesis, a new protecting group was attached to methylated cy-
clodextrin and measured for its charge distribution in a simplified molecular
model. While the charges of the elements on the methylated cyclodextrin core
only changed slightly after the introduction of the tert-butyl ester protecting
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Figure 3.13: Simplified chemical structures and modeling results of methylated
cyclodextrin (upper) and tert-butyl ester of methylated cyclodextrin (bottom).
group, the carbon and oxygen atoms of the protecting group circled in the fig-
ure possessed very high Mullikan charges compared to the rest of the molecule
and could form strong local dipoles which would in turn have strong attractive
interactions with the quadrupole found in CO2 molecules.
The modeling results of the two above simplified non-aromatic molecules
suggested that a CO2 solubility switch was theoretically possible for these
molecules with an acid-catalyzed deprotection step. The next section will
present the experimental testing of two alicyclic molecular glass resists based
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on these predicted CO2-soluble designs.
3.4 Alicyclic Molecular Glasses for 193-nm Lithography
3.4.1 Introduction to Alicyclic Cores for scCO2-Developable
Molecular Glass Resists
Although CO2 tends to be a very poor solvent for polymers such as those used in
current photoresists are composed of, certain fluoropolymers [87], silicones [88]
and molecular glass resists [89] have been shown to be soluble under moderate
supercritical conditions. Molecular glass materials (defined as non-polymeric
glass-forming macromolecules) are considered to have several advantages over
linear polymers for photoresists. First, higher patterning resolution is expected
due to the smaller molecular size of the molecular glass photoresists compared
with that of polymeric resists. Second, since the low molecular weight molec-
ular glasses are free of intermolecular chain entanglement, less internal stress
can build up during lithographic processes compared to their polymeric coun-
terparts. Therefore, pattern distortion resulting from film stress and polymer
chain entanglement should be reduced during development.[90, 91, 92]
Most of the molecular glass resists explored for CO2 development prior to
this study are based on aromatic rings [93] which have strong absorption at
deep UV regime and thus their applications cannot extend beyond EUV and
electron-beam lithography to 193-nm lithography. However, some contribu-
tions towards molecular glass designs for 193-nm lithography are noteworthy.
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One of the earliest reports is based on several branched structures including
adamantane and cholic acid derivatives.[94, 103] Recent progress involves cy-
clodextrin ring structures [96] and POSS-based molecular systems [97]. These
resist materials don’t show high enough glass transition temperatures and can
have difficulty achieving high contrast for sub 100 nm pattern resolutions. Also,
liquid solvents are used for the development of all the materials.
Molecular glass materials based on naturally occurring cores are reported
here for the first time as scCO2-developable resists for 193-nm lithography.
Cyclodextrins (cyclic oligomers of amylase) have drawn much interest since
their discovery in 1891.[98] The geometry of cyclodextrins gives the hydrophilic
molecules hydrophobic inner cavities so that various hydrophobic molecules
can be fitted inside to form supramolecular inclusion complexes. Obtained
from a renewable source (starch), cyclodextrins have low-toxicity and are
biodegradable.[99, 100] Methylated β-cyclodextrin is used here as the core of
a molecular glass resist because chemical modification on the molecule can be
easily accomplished due to its improved solubility in common organic solvents
compared to β-cyclodextrin. The reduced number of hydroxyl groups in methy-
lated β-cyclodextrin can be protected more easily and give better contrast when
the protection ratio remains the same as that of β-cyclodextrin. Another ex-
ample of alicyclic natural materials is cholic acid. Cholic acid is well known
to have strong intermolecular interactions contributing to the high glass tran-
sition temperatures of itself and cholates (cholic acid salts) as well. Tert-butyl
cholate is employed because it has good etch resistance and transparency at
193 nm due to its alicyclic saturated chemical structure. These core molecules
are protected with acid-labile and CO2-soluble tBoc or tert-butyl ester groups.
Photoacids generated during exposure can cause catalytic deprotection of tBoc
74
groups and render the molecular glass resists insoluble in scCO2, making them
negative-tone 193-nm resists.
According to the modeling results in the previous section, a CO2 solubility
switch was theoretically predicted for the two molecules glass resists based on
alicyclic cores with an acid-catalyzed deprotection step. The following subsec-
tions will present the patterning capabilities of these compounds with electron-
beam exposure and scCO2 development for 193nm lithography.
3.4.2 Experimental
Materials
Cholic acid was purchased from Alfa Aesar, and used as received. Di-tert-
butyl dicarbonate [(tBOC)2O], 4-(dimethylamino)pyridine, NaH (60% oil dis-
persion), methylated β-cyclodextrin (1.6-2 methyl groups per each glucose unit),
tert-butyl bromoacetate were purchased from Sigma-Aldrich and used without
further purification. Anhydrous tetrahydrofuran and N,N-dimethylformamide
were purchased from Sigma-Aldrich and used without further drying.
Synthesis of cholic acid derivatives and methylated β-cyclodextrin
To a magnetically stirred solution of tert-butyl cholate [101] (5.00 g, 10.8 mmol)
and 4-(dimethylamino)pyridine (0.13 g, 1.1 mmol) in tetrahydrofuran (30 ml)
was added (tBOC)2O (3.52 g, 16.1 mmol) at room temperature. The solution
was stirred overnight and then poured into water (300 ml). The precipitated
solid was recovered, washed with a copious amount of water and dissolved in
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EtOAc (100 ml). The organic solution was then washed with brine (100 ml),
dried over anhydrous MgSO4, and concentrated under reduced pressure. The
resulting foam was dried at 50 oC under reduced pressure to give the tBOC
protected tert-butyl cholate as an off-white amorphous solid (4.95 g). Thermo-
gravimetric analysis (TGA) suggested that one mole of product was protected
with roughly one mole of tBoc protecting groups. The doubly tBoc protected
tert-butyl cholate could be obtained by using two molar equivalent (tBoc)2O
over tert-butyl cholate.
To a magnetically stirred suspension of NaH [(60% oil dispersion,
4.27 g, 107 mmol), washed with anhydrous hexanes before use] in N,N-
dimethylformamide (70 ml) was added methylated β-cyclodextrin (1.6-2 methyl
groups per each glucose unit, 7.00 g, 5.3 mmol) in a water bath. The suspension
was stirred for 10 min. Tert-butyl bromoacetate (14.6 g, 74.8 mmol) was then
added slowly to the suspension drop-wise (Caution! Highly exothermic reac-
tion). The reaction mixture was stirred overnight at room temperature and then
poured into brine (300 ml). The aqueous/organic mixture was neutralized with
a 10% (w/w) aqueous citric acid solution. The crude product was then extracted
with EtOAc (300 ml). The organic solution was washed with brine (200 ml × 2),
dried over anhydrous MgSO4 and concentrated under reduced pressure. The
resulting viscous solution was dripped into stirring hexanes (300 ml) to give an
off-white precipitate. The powder was dried at 50 oC under reduced pressure to




The glass transition temperatures (Tg’s) of the molecule glass materials
were measured on a TA Instruments Q1000 Modulated Differential Scanning
Calorimeter (DSC) at a heat/cool rate of 10 oC/min under N2 for three heat/cool
cycles. Tg was determined from the second heating/cooling cycle. Powder
X-ray diffraction (XRD) was carried out on a Scintag Inc Theta-Theta Diffrac-
tometer at room temperature. Refractive indices and extinction coefficients were
measured by a J. A. Woollam ellipsometer. Film thickness measurements were
performed by a Tencor P10 profilometer.
Lithographic evaluation
The molecular glass compounds were dissolved in propylene glycol methyl
ether acetate (PGMEA). A 5 wt.% loading (with respect to molecular glass
solids) of iodonium nonafluorobutanesulfonate photoacid generator (PAG) was
added to the spinning solutions before filtering through 0.2 µm filters and spin
coating. After post-apply baking at 115 oC, films were then flood exposed at var-
ious doses at 254 nm using an ABM high resolution mask aligner. Post-exposure
baking (PEB) was performed at 115 oC/60 seconds for tert-butyl ester of methy-
lated β-cyclodextrin and 90 oC/60 seconds for tBoc-protected tert-butyl cholate.
These exposed films were then developed in scCO2. Electron-beam (e-beam)
patterning was performed using a Leica VB6 operating at 100 keV, followed by
PEB and scCO2 development. LEO 1550 FESEM was used to characterize the
patterns for scanning electron microscopy (SEM) images.
77
Figure 3.14: Chemical structures of tBoc-protected tert-butyl cholate, tert-butyl
ester of methylated β-cyclodextrin, and P(MAdMA-co-GBLMA) [poly(methyl
adamantyl methacrylate-co-(γ) butyrolactone methacrylate)].
3.4.3 Results and Discussions
The chemical structures of tBoc-protected tert-butyl cholate and the tert-butyl
ester of methylated β-cyclodextrin are depicted in Figure 3.14. The amorphous
character of the compounds was established using powder XRD. The results are
shown in Figure 3.15. Broad amorphous peaks were observed at a 2θ value of
around 18o. Absence of sharp peaks confirmed the glass-forming abilities of the
molecules.
The thermal characteristics of the compounds were examined by thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA
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Figure 3.15: XRD analysis of (a) tBoc-protected tert-butyl cholate and (b) tert-
butyl ester of methylated β-cyclodextrin at room temperature.
showed that all the samples began to decompose around 200 oC, regardless of
the degree of functionalization. DSC analysis (Fig. 3.16) revealed that protected
methylated β-cyclodextrin (BMCD) and mono-tBoc protected tert-butyl cholate
(MBBC) exhibited Tg’s around 125 oC and 113 oC respectively. tBoc groups are
known to lower glass transition temperatures of materials, but di-tBoc protected
tert-butyl cholate (DBBC) still possessed a high Tg of ∼100 oC, possibly due to
the strong intermolecular hydrogen bonding between the cores.
To investigate the transparency of these molecular glass materials at 193
nm, the optical constants were measured by ellipsometry. Refractive indices
and extinction coefficients of tert-butyl ester of methylated β-cyclodextrin,
tBoc-protected tert-butyl cholate, and the copolymer of 2-methyl-2-adamantyl
methacrylate and tetrahydro-2-oxofuran-3-yl methacrylate [P(MAdMA-co-
GBLMA)], a commercially available 193-nm resist with the chemical structure
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Figure 3.16: DSC analysis of (a) tBoc-protected tert-butyl cholate and (b) tert-
butyl ester of methylated β-cyclodextrin.
shown in Fig. 3.14] are plotted in Figure 3.17. The molecular glass resists
demonstrated similar optical properties as the 193-nm polymer resist in the
deep UV regime.
The well-defined chemical structure of molecular glass resists provides
a way to eliminate adverse pattern fluctuation and surface roughness ef-
fects caused by variability in dissolution rates among polydisperse polymeric
resists.[102] The uniform dissolution rates of molecular glass resists in develop-
ers are expected to produce sharp solubility contrast between exposed and un-
exposed regions and low roughness of final patterns. In this study, the changes
in film thickness before and after developing in scCO2 at 40 oC were measured
by profilometry and thus dissolution rates were calculated accordingly (Fig.
3.18).
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Figure 3.17: Optical constants of P(MAdMA-co-GBLMA), tert-butyl ester of
methylated β-cyclodextrin, and tBoc-protected tert-butyl cholate.
BMCD showed dissolution rates similar to MBBC in the examined scCO2
pressure range, despite the fact that the molecular weight of the former com-
pound is almost twice that of the latter. BMCD has a Tg about 10 oC higher
than MBBC, indicating that stronger intermolecular attractive interactions exist
among BMCD molecules than among MBBC molecules. However, the methyl
β-CD molecules have all the hydroxyl groups protected with tert-butyl ester
groups while only one out of the three hydroxyl groups in each tert-butyl cholate
molecule is protected for MBBC. Therefore, the interaction with CO2 molecules
is expected to be stronger for BMCD than for MBBC because of the larger
density of CO2-soluble functional groups. Thus the strong intermolecular in-
teractions between the resist molecules may counteract the strong interactions
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Figure 3.18: Dissolution rates of mono- and di- tBoc-protected tert-butyl cholates
(MBBC, DBBC) and tert-butyl ester of methylated β-cyclodextrin (BMCD) in
scCO2 at 40 oC and varying pressures.
Figure 3.19: Isothermal properties of CO2 at T = 40 oC.
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between CO2 and the resist molecule, providing the two structurally different
molecular glass compounds (BMCD and MBBC) with similar dissolution be-
haviors in scCO2.
Another observation is that DBBC demonstrated prominently higher disso-
lution rates than MBBC and BMCD, especially at higher CO2 pressure. It might
be explained by a larger number of attractive CO2-resist interactions in DBBC
which had twice as many CO2-soluble tBoc groups per molecule as in MBBC.
As shown in Figure 3.19, the density of CO2 increases by less than 15 % when
the pressure increases from 165 bar to 330 bar at 40 oC. During this pressure in-
crease, the dissolution rate increased approximately 240 % for BMCD, 70 % for
MBBC, and 160 % for DBBC. The impact of CO2 pressure on dissolution rate is
not the same for different molecular glass resists and even the same molecular
core with different protection levels. This might be associated with plasticiza-
tion levels of the resist films not responding to CO2 pressure change at the same
rate.
Upon exposure to either UV or electron-beam radiation, the molecular glass
materials respond by cleaving the acid-labile protecting groups with photogen-
erated acid during the post-exposure baking step. Contrast curves of photore-
sists reflect the dependence of photoresist film thickness change on exposure
dose after development. Figure 3.20 shows the contrast curves of the molec-
ular glass compounds with UV exposure and scCO2 development. For the
tBoc-protected tert-butyl cholate, the normalized film thickness levels off at
almost 0.75 of the original thickness, because the uncleaved tert-butyl groups
have attractive electrostatic interaction with CO2 molecules and thus fully tBoc-
deprotected tert-butyl cholate dissolves slightly in scCO2.
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Figure 3.20: Contrast curves for mono-tBoc-protected tert-butyl cholate (MBBC)
(upper) and tert-butyl ester of methylated β-cyclodextrin (BMCD) (lower) after
development in scCO2 at 40 oC and 276 bar for 5 minutes.
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Figure 3.21: SEM images of mono-tBoc-protected tert-butyl cholate (MBBC)
(upper) and tert-butyl ester of methylated β-cyclodextrin (BMCD) (lower) pat-
terned by electron-beam lithography and developed in scCO2.
Following electron-beam patterning, development of resist films in scCO2
was performed at 40 oC and 276 bar for 5 minutes. SEM images of some resist
patterns are shown in Figure 3.21. Feature sizes as small as 150 or 200 nm were
obtained with the alicyclic molecular resists. These results confirm that high
Tg’s ensure pattern fidelity with high resolution by preventing plasticization
under scCO2 development.
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3.5 Conclusions and Future Work
Research progress in supercritical CO2 development has been presented. An
approximation modeling method has been proposed to estimate material sol-
ubility in CO2 for molecular design in the future. Our recent experimental
work in the area includes exploring naturally occurring alicyclic cores for CO2-
developable 193-nm molecular glass resists. This work illustrates that com-
bining the concepts of molecular glass resists and scCO2 development has the
potential to improve the performance of photoresist processes while reducing
their environmental impact. The compounds tested in the experiments were
based on the modeling predictions and demonstrated promising qualities as
193-nm resists. Besides the high glass transition temperatures, they provide ad-
ditional interesting characteristics. Cholates are known to possess great etch re-
sistance while cyclodextrins can host functional moieties in their cavities to form
supramolecular inclusion complexes.[103] Future work along these lines can be
explored for resist performance optimization and/or introduction of multifunc-
tional 193-nm photoresists. Other future opportunities in supercritical CO2 de-
velopment can be found in exploring more CO2-soluble functional groups by
both modeling and experiments, orthogonal patterning [84] of special materials,
and expanding the cosolvent library of CO2-compatible salts for development
of conventional polymeric photoresists [59].
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CHAPTER 4
IN SITU FTIR STUDY OF ACID REACTION-DIFFUSION KINETICS IN
RESISTS
Understanding acid reaction-diffusion kinetics is crucial for controlling the
lithographic performance of chemically amplified photoresists. In this chapter,
we study how the molecular architectures of positive-tone chemically amplified
molecular glass resists affect the acid reaction-diffusion kinetics during the post
exposure bake (PEB) or annealing step. We compare the acid reaction-diffusion
kinetics of a common photoacid generator in molecular glass resists with chem-
ical similarity to poly(4-hydroxystyrene), and that are designed with branched
and ring architectures. In situ Fourier transform infrared (FTIR) spectroscopy
methods are used to measure reaction rate, acid trapping behavior, and acid
diffusivity as a function of PEB temperature. We find that the acid reaction-
diffusion kinetics in molecular glass resists is correlated to the film molar den-
sity that in turn depends on the architecture of the molecular glass molecules.
These results allow modeling of the latent image formation in molecular glass
resists that is critical for pattern feature resolution and line edge roughness. A
comparison between experimentally measured and theoretically predicted dif-
fusion lengths in one molecular glass resist system was made. Because little
is understood of the fundamentals of acid diffusion in this class of molecular
glass resists, this chapter provides critical insight into the molecular design of
next-generation photoresists for high-resolution lithography.
1Reproduced with permission from J. Sha, J.-K. Lee, S. Kang, V. M. Prabhu, C. L. Soles, P. V.
Bonnesen and C. K. Ober, Chemistry of Materials, 2010, 22 (10), pp 3093 - 3098. Copyright 2010
American Chemical Society.
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4.1 Introduction to Acid Reaction-Diffusion in Photoresists
Chemically amplified resists (CARs), a concept proposed by Ito, Willson, and
Fre´chet [6, 8] in 1982, are the current workhorse in photolithography for semi-
conductor device manufacturing because of their high sensitivity and good
patterning performance. Irradiation activates photoacid generators (PAGs) in
a CAR and the resulting photoacid molecules subsequently catalyze numer-
ous reactions in a resist film before being trapped or quenched during the
post-exposure bake (PEB) step. These photoacids must be mobile enough
within the CAR film to decompose a sufficient number of acid-labile protect-
ing groups to achieve a solubility switch in the photoresist. However, ex-
cessive acid diffusion leads to image blur and resolution loss.[42, 43, 44, 104]
Given the importance of this balance, measurements that quantify photoacid
diffusion and the mechanisms of image blur and resolution are crucial to opti-
mize CAR photopatterning.[108, 105, 106, 107, 35, 109, 110] Quantitative meth-
ods have been developed to measure photoacid diffusion using numerous
strategies.[35, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120] Conventional CARs
with polymer-based resist systems appear to have resolution limits, such that
critical dimensions of less than 22 nm may not be achieved. Because acid dif-
fusion lengths are now approaching these CD values, acid diffusion remains
critical to measure and control for the continued development of materials for
next-generation patterning.
Recently, a new category of patterning materials, molecular glass (MG) re-
sists, have attracted great attention as an alternative to polymeric CARs because
of their potential to improve line edge roughness (LER) and achieve smaller CD.
MG resists are low molar mass glass-forming organic materials and considered
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to have some advantages over linear polymers as photoresists. The small molec-
ular size of MGs is believed to give a finer patterning ”pixel” size to photoresists
in comparison to their polymeric counterparts, which should enable high reso-
lution patterning. This would be enabled by intimate mixing between PAG and
molecular resist as determined by solid state nuclear magnetic resonance ex-
periments on bulk blends [121]. Also, because the molecular glass resists have
lower molecular mass, they are free of intermolecular entanglement, so less in-
ternal stress can build up during the development processes. Image distortion
resulting from film stress is thereby reduced for MGs during pattern develop-
ment. Despite these advantages, acid diffusion still occurs during the PEB step
of chemically amplified MG resists and plays as important a role as in poly-
meric photoresists [39, 122]. In this study, we try to understand the photoacid
catalyzed reaction-diffusion kinetics in different types of MG resist materials for
next-generation lithography.
MG resists investigated to date have structures including spiro [123], ring
[86, 90, 124, 125, 126], and branched architectures [93]. In this chapter, we
focus on four representative MG structures of both the ring and branched
structures to investigate the effect of molecular architecture on acid reaction-
diffusion kinetics. Two calix[4]resorcinarene derivatives [86, 90, 125] (CM4R
and CHPB) and two phenolic MGs [89, 93] (HHPB and CR15) were fully pro-
tected with tert-butoxycarbonyl (tBoc) groups and used as the resist materials in
this work (Fig. 4.1). The MG resists possess structural similarity to novolac or
poly(hydroxystyrene) (PHOST) based resists due to the incorporation of rigid
phenyl rings. The glass transition temperatures for these materials are between
≈ 80 oC and ≈ 90 oC in the bulk form, so processing temperatures among the
MGs are not substantially different. As the tBoc groups are deprotected by acids
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Figure 4.1: Chemical structures of the molecular glass resists studied in this
chapter and the corresponding labels used to identify these compounds.
during the post-exposure bake (PEB) step and the average degree of deprotec-
tion reaches a critical concentration, the MG resist film is transformed from in-
soluble to soluble in an alkaline developer (positive-tone development).
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4.2 In Situ FTIR and Reaction-Diffusion Model
In situ FTIR methods are used to measure the tBoc group deprotection kinet-
ics and thus acid reaction-diffusion kinetics in exposed MG resist films during
PEB.[39, 111, 122] We have applied the strategy of using a bilayer film structure
with a PAG-loaded MG resist layer on top of a PAG-free MG layer.[39, 111, 122]
This approach mimics an ideal lithographic line-edge that forms a well-defined
step gradient of photoacids after flood ultraviolet (UV) light exposure. A soft-
contact film transfer method using a poly(dimethylsiloxane) (PDMS) stamp was
utilized for bilayer sample fabrication as described elsewhere [39, 111, 122] (Fig.
4.2a). This approach proved to be more convenient than double spin coating
methods [35] which limit the use of the same spin casting solvents and/or the
same resist materials for both layers. Single layers of PAG-loaded MG resists
were prepared, exposed and put on a preheated hot stage for in situ FTIR mea-
surements. These experiments estimate the reaction kinetics constants (kP and
kT ) for each PEB temperature from the measured time-dependent deprotection
level φ. Subsequent in situ FTIR measurements on bilayer samples provide the
diffusion coefficient DH and the reaction kinetics constants (kP and kT ) through
simultaneous model fitting. Distinct reaction-diffusion kinetics performance
was observed for each MG. Subsequently, the PEB bilayer samples were then
developed in an aqueous base solution to determine the film thickness change
and surface roughness of the bottom layers that relate to the CD and LER of MG
resists in a true lithographic interface.
A reaction-diffusion model [39, 122] was used to describe the acid-catalyzed
deprotection and the acid diffusion/trapping during the PEB (Equations 4.1 and
4.2). In the differential equations, H is the acid concentration and φ is tBoc de-
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Figure 4.2: (a) Illustration of MG bilayer sample preparation: stamping PAG-
loaded top layer (orange) onto PAG-free bottom layer (green) and peeling off
PDMS stamp after the stack cools down. (b) Mimicking ideal exposure edge
with a bilayer structure and processing of MG bilayer: exposure, PEB and de-
velopment.
protection level of the MG resist which was quantified by the C=O stretching
vibrational spectroscopic band around 1760 cm−1. The reaction rate constant
kP, the trapping rate constant kT and the acid diffusion coefficient (DH) are the
three kinetic parameters that were measured and compared in this study. The
relationship between the initial acid concentration H and PAG loading concen-
tration [PAG] can be described as H = [PAG](1−eC·E) whereC is Dill’s parameter
and E is the exposure dose. Because we exposed all the PAG-loaded MG resist
films at high doses and essentially all the PAGs were activated, the initial acid
92
concentration H is considered the same as the PAG loading concentration.
∂φ
∂t
= kP · H · (1 − φ) (4.1)
∂H
∂t
= DH · ∇2H − kT · H · φ (4.2)
4.3 Experimental
4.3.1 Materials
1,3,5-Triacetylbenzene was purchased from TCI America and used as re-
ceived. 4-Hydroxylbenzaldehyde, resorcinol, aldehyde, BBr3 (1 M so-
lution in dichloromethane), 3-iodoanisole, triphenylsulfonium perfluoro-1-
butanesulfonate (TPS-PFBS), anhydrous tetrahydrofuran (THF) and propy-
lene glycol monomethyl ether acetate (PGMEA) were purchased from Sigma-
Aldrich and used without further purification. 4-Ethynylanisole and Co2(CO)8
were purchased from AlfaAesar and used as received. Di-tert-butyl dicarbonate
was purchased from either Fluka or Aldrich and used as received. Dioxane was
dried over Na/benzophenone and distilled under reduced pressure. Commer-
cially available AZ 300 MIF was employed as the developer (0.26 N tetramethy-
lammonium hydroxide in water, TMAH). Sylgard 184 silicone elastomer kit was
purchased from Dow Corning and used to make polydimethylsiloxane (PDMS)
stamps.
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4.3.2 Synthesis of molecular glass photoresists
Tetra-C-methylcalix[4]resorcinarene (CM4R) [121, 125], C-4-hydroxyphenylcalix[4]
resorcinarene (CHPB) [86], hexa-(3 or 4-hydroxyphenyl)benzene (HHPB) [89],
1,3,5-tri(1,1-di(4-hydroxyphenyl)ethyl)benzene (CR15) [93], and their fully tert-
butoxycarbonyl (tBoc)-protected molecular glass resists were prepared accord-
ing to the procedures in the literature. The compounds were characterized by
proton and carbon NMR, and chemicals shifts were consistent with those re-
ported in the literature.
Of specific note, the parent resorcinarene compound CM4R was synthesized
following literature procedures and purification methods known to afford the
pure all cis or ”ccc” isomer (which is the cup-shaped isomer). Our 1H and 13C
NMR spectral data on the tetra-C-methylcalix[4]resorcinarene were in agree-
ment with the literature NMR spectral data [90] in the manuscript reported for
the ccc isomer as well as the NMR data of reference [126]. Because the parent
CM4R is all cis, the tBoc derivatives will also be all cis. However, the parent
CHPB was not purified as CM4R and is believed to be a mixture of cis and trans
isomers.
4.3.3 Sample preparation
Single layers and bilayers of each MG resist were prepared. Resist solutions
were used containing (3 to 5) % by mass MG in PGMEA. The photoacid genera-
tor, TPS-PFBS, was added to the solution at a concentration of 5 % by mass of the
MG for both the single layer samples and the top layer of the bilayer samples.
For single layer samples, solutions of MG resist and TPS-PFBS were spin-cast
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on Au-coated silicon substrates at 2000 rpm (209 rad/s) and at a PEB tempera-
ture of 90 oC for 60 s. The final film thicknesses were generally 50 nm to 100 nm
depending on the resist mass fraction. A PDMS stamping technique [39, 122]
was used to create MG resist bilayers with PAG-loaded resist films at the top
and PAG-free films at the bottom. The bottom layers of bilayer samples were
prepared on Au-coated silicon substrates from PAG-free solutions in the same
way as single layer samples. Resist solutions containing PAG were spin-cast on
PDMS substrates and then stamped onto prepared PAG-free resist films at 75
oC for 20 sec. PDMS stamps were peeled off after the stacks cooled down. The
resist bilayers were baked again at 75 oC for 60 sec to remove residual solvents.
4.3.4 Exposure and development
An Oriel UV exposure system was used for the reaction kinetics studies at a dose
of ≈ 250 mJ/cm2 with 248 nm broadband radiation. The samples prepared for
additional development and AFM characterization were exposed with an ABM
contact aligner at a dose of ≈ 250 mJ/cm2 with 254 nm. At these exposure doses,
all the photoacid generators were activated, so the initial acid concentration may
be calculated using the molecular masses of the resist components. After PEB,
bilayer samples were developed in a commercial developer AZ 300 MIF for 60
sec, rinsed with de-ionized water and blown dry with N2.
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4.3.5 Characterization
Thermogravimetric analysis was performed using a TA 500 TGA with a heat-
ing rate of 10 oC/min under dry N2 atmosphere. Glass transition tempera-
tures were measured on a TA 1000 DSC using repeated heat/cool cycles at 10
oC/min between -50 oC and 130 oC. MG resist film thicknesses were measured
with a J.A. Woollam IR spectroscopic ellipsometer. All the Fourier transform
infrared (FTIR) spectra were collected using polarization-modulation infrared
reflection-absorption spectroscopy (PM-IRRAS) at 8 cm−1 resolution on exposed
resist films. Silicon wafers coated with 100 nm thick Au were used as substrates
for MG samples to increase IR reflectivity in all measurements and mounted
on a pre-heated hot stage through vacuum contact. The uncertainty in depro-
tection quantification is ≈ (0.01 to 0.02). X-ray reflectivity measurements were
carried out on a Philips X’Pert MRD diffractometer with fine focus x-ray tubes
with a wavelength of 1.54 Å. Atomic force microscopy (AFM) was performed
on developed bilayer samples with a Veeco Dimension 3100 in tapping mode.
4.4 Results and Discussions
Single layers of PAG-loaded MG resists were prepared and exposed using a suf-
ficiently high exposure dose of UV light to activate all the photoacid generators
in the films. Immediately following exposure, sample films were placed on the
pre-heated hot stage of the FTIR spectrometer for in situ measurement of depro-
tection levels of tBoc groups. From the time-dependent deprotection level φ(t),
the reaction rate constant kP and acid trapping constant kT were estimated by




Figure 4.3: (a) Reaction rate constants kP’s and (b) acid trapping rate constants
kT ’s for the systems of TPS-PFBS and the four molecular glasses at varying PEB
temperatures. The solid lines are fitted curves from Arrhenius model.
97
Table 4.1: Summary of fitted prefactors A’s and activation energies Ea’s for kP,
kT , and DH of TPS-PFBS in the MG resists.
kP kT DH
A Ea(mJ/mol) A Ea(mJ/mol) A Ea(mJ/mol)
CHPB-tBoc 42 ± 2 112 ± 7 36 ± 2 114 ± 7 33 ± 2 91 ± 5
CM4R-tBoc 47 ± 3 136 ± 7 36 ± 2 115 ± 6 44 ± 2 125 ± 7
HHPB-tBoc 37 ± 3 107 ± 10 25 ± 2 81 ± 7 41 ± 4 125 ± 11
CR15-tBoc 48 ± 1 140 ± 2 31 ± 1 100 ± 4 44 ± 3 127 ± 8
The exposure and measurement conditions for the bilayer samples were the
same as those used for the single layers. In the bilayer samples, the acids gen-
erated in the top layer deprotect the MG resist molecules in the neighboring re-
gions and further diffuse into the PAG-free bottom layer during PEB. The time-
dependent deprotection level φ of the bilayer samples is fit simultaneously to
obtain kP, kT , and the acid diffusion coefficient DH.
The resulting reaction rate constants and acid trapping rate constants for
PEB temperatures varying from 60 oC to 90 oC are shown in Figure 4.3 (a) and
(b) respectively, for TPS-PFBS PAG with the four MG resists. The CM4R-tBoc,
HHPB-tBoc and CR15-tBoc systems show no substantial differences in the re-
action rate constants while those for CHPB-tBoc/TPS-PFBS are significantly
higher. The reaction rate constants increase with PEB temperature for each MG
resist. Because the PEB temperatures are all below Tg, the temperature depen-
dence of kP can be described by an Arrhenius equation ln(kP) = A−Ea/RT where
Ea is the activation energy, A is a prefactor, T is PEB temperature and R is the
universal gas constant. The fitted A and Ea values of the reaction rate constants
of all resist systems are summarized in Table 4.1 with uncertainty estimated as
one standard deviation from the mean. The acid trapping rate constants kT don’t
differ significantly among the resist systems as a function of temperature, while
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Figure 4.4: Diffusion coefficients DH’s of TPS-PFBS in the four molecular glass
resists at various PEB temperatures. The solid lines are fitted curves from Ar-
rhenius model.
significant and systematic differences in acid diffusivity were observed among
different MG architectures. The acid diffusivity DH is the lowest in HHPB-tBoc,
moderate in CR15-tBoc and CM4R-tBoc, and the highest in CHPB-tBoc. The
temperature dependence of both kT and DH also follow the Arrhenius equations
with prefactors A’s and activation energies Ea’s summarized in Table 4.1.
Because all the in situ FTIR measurements were conducted below the Tg’s
of the MGs, the transport process was expected to follow an Arrhenius depen-
dence and it should depend on the mass density, packing and free volume in
the MGs. The mass density of the thin films was measured by X-ray reflectivity
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Table 4.2: Mass/molar densities and protecting group concentrations of molec-
ular glass resist thin films.
CHPB-tBoc CM4R-tBoc HHPB-tBoc CR15-tBoc
mass density (g/cm3) 1.117 1.092 1.124 1.114
molar density (mol/cm3) 5.427 × 10−4 8.116 × 10−4 9.128 × 10−4 8.468 × 10−4
protecting group conc. (nm−3) 3.922 3.910 3.298 3.060
from the critical-edge region (Table 4.4) using MG films without any additives.
The mass density was converted to molar density using the known chemical
composition. The trend of molar densities is HHPB-tBoc >CR15-tBoc >CM4R-
tBoc > CHPB-tBoc, which shows an opposite trend to the acid diffusivity in
the studied MG resist systems DH(HHPB-tBoc) < DH(CR15-tBoc) < DH(CM4R-
tBoc) < DH(CHPB-tBoc). This observation follows concepts provided by free
volume theory [127], such that the more free volume present in a resist film, the
more freely acid molecules can ”hop” and diffuse. Free volumes in resist films
can be experimentally inferred from mass/molar densities. According to energy
minimization modeling using the MM2 method, all the MG molecules in this
study are individually estimated to be approximately 2 nm in size. Therefore,
a higher molar density can be translated into less free volume in the resist sys-
tem or closer packing of resist molecules. For example, the relative planarity of
HHPB-tBoc molecules can contribute to a denser packing configuration while
CHPB-tBoc and CM4R-tBoc molecules are ring-shaped and may leave more
voids among resist molecules such as within the calix[4]resorcinarene cavity
and as a result are less dense.
The protecting group concentrations can also be calculated by multiplying
MG molar densities with the number of protecting groups per molecule. With
a higher density of protecting groups, then after deprotection there are more
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hydroxyl groups per unit volume. Therefore, this increases the probability that
the photoacids interact with the hydroxyl groups and become trapped instead
of moving on to deprotect more tBoc groups. The trapping constants in Figure
4.3(b) appear clustered but there is a noticeable trend at each PEB temperature:
kT (CHPB-tBoc) > kT (CM4R-tBoc) > kT (CR15-tBoc), which is consistent with the
trend in protecting group concentrations (Table 4.4): CHPB-tBoc > CM4R-tBoc
> CR15-tBoc. A crossover between kT (HHPB-tBoc) and kT (CM4R-tBoc) was
observed and the difference in kT cannot be explained just by protecting group
concentrations. There may be additional mechanisms dominating in the case of
HHPB-tBoc but it is not clear at the moment.
From the above results, we can see that the acid diffusivities in the MG resist
systems show apparent variances while the reaction and trapping processes are
not widely different. Therefore, the choice of a MG resist system may not be
able to control reactivity but only acid diffusivity. Both acid reactivity and dif-
fusivity in CARs are required, however, to control latent image and resolution.
Therefore we demonstrate such effects with reaction-diffusion kinetics model-
ing in one resist system and compare with the experimental diffusion lengths
determined by the difference in film thickness before and after development.
In another set of experiments, separate sets of bilayer samples were exposed,
post exposure baked at 75 oC for 30 sec, 60 sec, 120 sec and 180 sec and then
developed with AZ 300 MIF. A representative result of the thickness loss and
surface roughness for CR15-tBoc bottom layer are plotted in Figure 4.5. As
the PEB time increased, more photoacids diffused from the top to the bottom
layer resulting in a higher deprotection level of tBoc groups in the bottom layer
and thus larger film thickness loss after development. The experimental diffu-
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Figure 4.5: Resist film thickness loss (solid squares) and surface roughness (open
circles) of the bottom layer of a CR15-tBoc bilayer sample after development.
The change in film thickness, or thickness loss, is a measure of the acid diffusion
length (Ld).
sion length, which is the difference in thickness between the initial bottom layer
thickness and final developed thickness, was measured to be 1.3 nm, 8.7 nm, 9.8
nm, and 13.7 nm as PEB time increases from 30 sec to 180 sec. The measured sur-
face root-mean-square (rms) roughness of the developed bottom layer dropped
to the lowest value of 1.42 nm (PEB time of 120 sec) and slightly increased to ca.
1.80 nm at 180 sec of PEB.
The reaction-diffusion process in the CR15-tBoc resist system was simulated
with the kinetic model mentioned earlier using the measured parameters (kP,
kT , DH) at a PEB temperature of 75 oC (Fig. 4.6). The deprotection level of
CR15-tBoc was measured to be 37.5 % for solubility switching to occur and
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Figure 4.6: Calculated deprotection profile of CR15-tBoc at 75 oC PEB temper-
ature for various PEB times. The dotted line marks the deprotection level at
solubility switch of CR15-tBoc in the developer.
thus the simulated diffusion length was determined to be 1.5 nm, 5 nm, 9 nm,
11 nm respectively for 30 sec to 180 sec of PEB, which shows excellent agree-
ment with the experimental data. On the other hand, the slope of the diffusion
front shows a monotonic decrease as PEB time increases while the experimental
surface roughness shows a slight minimum at PEB time of 120 sec. A recent
theoretical study showed that post-development line edge roughness of the ex-
posure edge is inversely proportional to the latent image log slope (LILS) [128],
thus a larger deprotection level gradient at the solubility switch corresponds to
lower surface roughness of the developed bottom layer. The measured surface
roughness of CR15-tBoc does not agree with the trend of deprotection level
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gradient at solubility switch, although the differences are small. In this case,
the ideal model does not fall within the experimental data. However, there are
many aspects that remain critical for final roughness, such as chemical compo-
sition heterogeneity [117] and development mechanism.
Previous efforts using AFM images of latent images of 13.5 nm extreme-
ultraviolet light (EUV) exposed polymer and CM4R photoresists show topo-
graphic features related to the deprotection level of the resist. Comparison of
latent image LER for a polymeric and molecular glass (CM4R) photoresist with
an identical photoacid generator exhibited similar dependence on the depro-
tection gradient. The latent images of features as small as 20 nm were clearly
resolved by AFM over a wide range of exposures despite these features not ap-
pearing after development.[130] Therefore, development process and develop-
ment contrast should be an area of increased attention, perhaps this is a future
role of negative-tone development with molecular resists.
4.5 Conclusions and Future Work
We have demonstrated a detailed study of acid reaction-diffusion kinetics be-
havior of four MG photoresists. While reactivity and trapping of acids did not
show significant differences among the MG resist systems, acid diffusivity var-
ied systematically with resist architecture and molar density. Photoacids gen-
erated in the ring-shaped CHPB-tBoc resist system was found to have both the
highest reactivity and the highest acid diffusivity compared to the other MG re-
sists used in this study. A higher reaction rate is beneficial because for a given
PEB time it enables a larger extent of deprotection to occur that favors increased
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trapping; therefore, CHPB-tBoc didn’t show patternability inferior to the other
MG resists [129]. We have also provided a hypothesis of how molecular ar-
chitectures of the MGs impact acid kinetics during PEB. This study is the first
attempt at a comprehensive characterization of structurally different MG resists
with predictions of their lithographic performance.
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APPENDIX A
MICROFABRICATION BY TWO-PHOTON LITHOGRAPHY
A.1 Introduction to Two-Photon Lithography
Although two-photon absorption was predicted as early as 1931 [131], it was ex-
perimentally observed immediately after the invention of lasers [132]. A signif-
icant application of the technology has been found in multiphoton microscopy
in the biosciences.[133] Although two-photon polymerization was first reported
in 1965 [134], it was not until the late 1980s that noticeable effort was devoted to
developing three-dimensional lithography based on two-photon absorption.
Three-dimensional micro- and nano-scale structures have numerous appli-
cations in photonics [135], microfluidics [136, 137], tissue engineering [138, 139],
chemical detection [140, 141], energy and data storage [142, 143, 144], and as
catalyst supports [145]. The fabrication techniques include layer-by-layer pho-
tolithography [146, 147], nanotransfer printing [148], micro-stereolithography
[149], colloidal self-assembly [150], direct ink writing [151, 152], interfer-
ence lithography [153, 154], proximity-field lithography [155], and two-photon
lithography [156]. Two-photon lithography stands out as the only real 3D direct
write patterning approach that can fabricate structures of arbitrary shapes and
also eliminate defect creation during fabrication.
Two-photon lithography is based on localized two-photon absorption and
activation of photoinitiators or photoacid generators which subsequently trig-
ger chemical reactions in the photosensitive patterning material. Two-photon
absorption is a nonlinear optical process first reported by Kaiser and Garrett
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in 1961.[132] The rate of two-photon absorption is proportional to the square
of the light intensity, so that the near-infrared laser source light is strongly ab-
sorbed only at the focal point within the photosensitive material. (Near-infrared
light undergoes little absorption and scattering in most photosensitive materials
and thus gives rise to a deep penetration of light into the materials.) At the fo-
cal point, photoinitiators or photoacid generators in the photosensitive material
absorb two near-infrared photons simultaneously in a single quantum event to
produce an excitation equivalent to the absorption of a single ultraviolet pho-
ton possessing twice the energy and thus induce subsequent chemical reactions
in the patterning material. The quadratic intensity dependence of two-photon
absorption allows for confinement of the patterning to sub-micron dimensions,
beyond the diffraction limit of light.
Two-photon focal volume approximations based on Gaussian functions fit
to the integral representation of the electric field near the focus of a diffraction-
limited focus are obtained from the formalism of Richard and Wolf [157] and
displayed in Figure A.1 where ω is the 1/e radius, ωxy and ωz are lateral and
axial radiuses respectively, λ is the laser beam wavelength, NA is the numerical
aperture of the objective lens, and n is the refractive index of the working media
of the lens. The illumination point spread function, IPSF(x,y,z), describes inten-
sity around the laser beam focus, and in two-photon absorption only IPSF2 is
needed to define the true optical resolution. As shown in Figure A.1, the imag-
ing voxel in two-photon lithography is a prolate spheroid with the axial radius
larger than the lateral radius.
Besides IPSF2, patterning resolution of two-photon lithography is also de-
pendent on exposure dose [158] and special treatments such as introduction of
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Figure A.1: The two-photon excitation volume. (a) Axial and lateral views of
IPSF and IPSF2. (b) Axial profile (0, 0, z) of IPSF (dashed red) and IPSF2 (solid
red). (c) Equations for calculating the 1/e widths (ω) of the lateral (xy) and ax-
ial (z) intensity-squared profiles.[133] Reprinted by permission from Macmil-
lan Publishers Ltd: Nature Biotechnology, ”Nonlinear magic: multiphoton mi-
croscopy in the biosciences”, Vol. 21, pp1369-1377. Copyright 2003.
radical quenchers [159] and controlled post-fabrication shrinkage [160]. The
best pattern resolution achieved so far with two-photon lithography is 23
nm.[158]
Two-photon lithography has been utilized to fabricate micro-devices for me-
chanical [161], electrical [162], microfluidic [163], and photonic [164] applica-
tions. A three-dimensional spiral-architecture photonic crystal was successfully
fabricated by two-photon lithography.[164] Photonic crystals, also known as
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photonic band gap materials, are periodic dielectric structures that forbid prop-
agation of electromagnetic waves in a certain frequency range. They can be
engineered to manipulate the flow of light for emerging applications such as
telecommunication and photonic computing. Since two-photon lithography is a
point-by-point direct-write technique, the majority of photonic crystals are fab-
ricated by other more time efficient methods such as interference lithography
and colloidal self-assembly. However, two-photon lithography offers a facile
solution to introducing defects of arbitrary shapes inside photonic crystals. An
example is discussed in the following section.
A.2 Three-Dimensional Patterning Inside Photonic Crystals
This section discusses our attempts at patterning three-dimensional polymer
structures inside an inverse-opal C-dot template, a porous photonic crystal.
As mentioned in the previous section, photonic crystals are periodically
structured optical materials controlling the flow of photons in a similar way
as semiconductor crystals controlling the motion of electrons. Applications of
photonic crystals can be significantly broadened when specially designed de-
fects are fabricated in these materials. Engineered defects break the symmetry
in photonic crystals and introduce light modes with frequencies in the photonic
band gap. Therefore, light at these frequencies can be localized at point defects
but propagate along line defects inside photonic crystals. In this section, two-
photon lithography is demonstrated as a convenient method to pattern poly-
mers three-dimensionally inside an inverse-opal C-dot template, a porous pho-
tonic crystal.
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Figure A.2: (a)(c)(d) SEM images and (b) confocal image of an inverse-opal C-
dot template. Courtesy of Poorna Praveen Rajendran in Prof. Chekesha Lid-
dell’s group at Cornell University.
Core-shell fluorescent silica nanoparticles, also known as Cornell-dots or C-
dots, were synthesized and provided by Prof. Ulrich Wiesner’s group at Cor-
nell University. C-dots are basically nanoparticles with fluorescent dyes encap-
sulated in silica shells. Prof. Chekesha Liddell’s group also at Cornell con-
vectively co-assembled the C-dots with some monodisperse polystyrene micro-
beads, which resulted in a face-centered cubic (fcc) structure of polystyrene
beads with the voids closely packed with C-dots. After plasma etching away
the polystyrene beads, an inverse-opal C-dot template (Fig. A.2) remained on
the substrate which is usually silicon or glass. This template is an example of
active photonic crystals. Our goal is to manufacture polymer structures of ar-
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Figure A.3: An illustration of the setup of multiphoton microscope system used
in the study.
A.2.1 Experimental
The multiphoton microscope system used in this work is a Bio-Rad MRC-1024,
equipped with a Nd:YVO4 pump laser, a Ti-sapphire laser, an electro-optic mod-
ulator (EOM), motor driven mirrors and stage, and some other optical elements
(Fig. A.3). It is attached to an Olympus IX70 inverted microscope, with a 10×
long working distance objective, 20× and 40× water-immersion objectives, and
63× and 100× high NA oil-immersion objectives. The Ti:sapphire laser oper-
ates at 80 MHz and produces pulses with durations of 200 femtoseconds after
mode-locking. The operating wavelength was set at 780 nm.
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A C-dot template was first infiltrated with a photosensitive resin of 95 wt.%
polymerizable monomer PETA (penta-erythritol-triacrylate) and 5 wt.% pho-
toinitiator ITX (isopropyl-9H-thioxanthen-9-one). Since the substrate of the tem-
plate was a non-transparent silicon wafer piece, a thin cover glass was placed
on top of the sample and then the stack was flipped and mounted on the mi-
croscope stage upside down. Usually a 40× 1.15 NA water lens was used and
brought in contact with the cover glass. Since the multiphoton microscope used
is also a confocal microscope, the fluorescent C-dots template was mapped out
in the confocal mode before two-photon exposure, providing the information of
the location of the laser beam focus relative to the template. Subsequently, the
beam focus was located inside the template to polymerize the resin in the mid-
dle of the template. The location and exposure dose of each polymerized voxel
were controlled by software on the computer connected to the microscope. The
exposure dose for the defects reported here was 0.6 mJ/voxel and separations
between neighboring voxels are approximately 100 nm. After exposure, the
resin was developed in ethyl acetate for approximately 1 to 3 minutes. Only the
exposed and polymerized volumes remained inside the template after develop-
ment.
In order to charaterize the engineered defects inside the C-dots tem-
plate using confocal microscope, a dye different from the TRITC dye
(tetramethylrhodamine-5-(and 6)-isothiocyanate) encapsulated in the C-dots
was needed to add to the resin formulation so that the emission peaks from
the fluorescent template and defects could be distinguished by the microscope.
Dye DEAC (7-diethylaminocoumarin-3-carboxylic) was chosen for the purpose
because it has an absorption peak around 432 nm and an emission peak around




Figure A.4: Three-dimensional fluorescence images reconstructed from signals
collected from PMT 1 (blue) and PMT 2 (red). (a)-(d) display four sets of signals
at four different angles.
541 nm and an emission peak around 572 nm. The laser wavelengths of the
confocal microscope are 458 nm and 543 nm, perfect to excite DEAC and TRITC
dyes. Photomultiplier (PMT) detectors were set to collect signals at approxi-
mately 520 nm and 580 nm for detection of emitted light from the DEAC and
TRITC dyes respectively.
A.2.2 Results and Discussions
Figure A.4 shows some three-dimensional fluorescence images reconstructed
from signals collected from the two PMT channels of the confocal microscope.
The images are diplays of the waffle-like defect and the template at a series
of observing angles. If the signals (blue and red in Fig. A.4) are combined at




Figure A.5: Three-dimensional reconstruction of confocal microscopy images
of a fluorescent waffle-like polymer structure inside an inverse-opal C-dot tem-
plate (combined signals of PMT 1 & 2 from Figure A.4).
template as shown in Fig. A.5. The dimensions of the polymer ”waffle” are
about 50 µm by 50 µm by 2 µm.
A.2.3 Summary and Future Directions
So far, we have demonstrated that it is facile to pattern polymer structures of
arbitrary designs inside a porous photonic crystal by two-photon lithography.
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The next step would be to design some functional defect structures, fabricate
them and take some optical measurement. We have proven that two-photon
lithography is a powerful tool to fabricate three-dimensional structures for po-
tential optical applications, and this research may be continued in the future.
A.3 Two-Photon Patterning of Molecular Glass Resists
This section discusses our attempts at crosslinking molecular glass resists in
three dimensions using two-photon lithography.
Molecular glass resists are a patterning material alternative to conventional
polymeric photoresists. More details of this material will be covered in chap-
ter 4. Here we will explore the possibility of two-photon patterning molecular
glass resists via cationic crosslinking in the hope of achieving three-dimensional
patterns.
The molecular glass resist used in this study is 4-[4-[1,1-bis(4-hydroxyphenyl)
ethyl]]-α,α-dimethylbenzylphenol (MG2-OH) purchased from TCI Amer-
ica. Crosslinker PowderlinkTM 1174 (tetrakis(methoxylmethyl)glycoluril)
(TMMGU) was obtained from Day Chem Laboratories. Ionic photoacid
generator triarylsulfonium hexafluoroantimonate salts (THS) was purchased
from Aldrich and used without further purification. Non-ionic two-photon
acid generator N,N’-di-(2-nitro-4-(trifluoromethyl) benzenesulfonyloxy)-4,4’-
(phenylene-1,3-dioxy) dinaphthalene-1,8;1’,8’-tetra carboxylic imide (NPOD)
was synthesized in house.[165] Two-photon sensitizer AF-69 was received from
Air Force Research Laboratory (Dayton, Ohio). The chemical structures of the
materials are shown in Fig. A.6.
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Figure A.6: Chemical structures of molecular glass MG2-OH, crosslinker TM-
MGU, photoacid generator THS, non-ionic two-photon acid generator NPOD,
and two-photon sensitizer AF-69.
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(a) MG2-OH/TMMGU/THS/AF-69 (b) MG2-OH/TMMGU/NPOD
(c) MG2-OH/TMMGU/NPOD (d) Polyphenol/TMMGU/NPOD
Figure A.7: SEM images of molecular glass resists patterned by two photon
lithography.
The cationic crosslinking between MG2-OH and TMMGU is triggered by
protons generated by photoacid generators (PAGs) upon irradiation. Since THS
has a small two-photon absorption cross section σ (i.e. low two-photon ab-
sorption), two-photon sensitizer AF-69 with a much larger σ is a must to facil-
itate the activation of THS through non-radiative transfer of photon energies.
NPOD is a PAG with a large σ and therefore additional photosensitizers are
not necessary for the resist formulation.[165] Addition of either THS/AF-69
or NPOD to MG2-OH/TMMGU makes a photocrosslinkable molecular glass
resist system. Figure A.7(a) and (b) display two SEM images of pseudo-3D
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photoresist patterns of MG2-OH/TMMGU/THS/AF-69 (P=10mW) and MG2-
OH/TMMGU/NPOD (P=3mW) respectively. When photoresist film thickness
was increased up to 1 micron for real 3D patterning, resist structures did not
seem fully developed even when MG2-OH was substituted with a chemically
similar molecular glass polyphenol having slightly more crosslinking sites per
molecule than MG2-OH, as shown in Fig. A.7 (c) and (d). A possible reason
could be that the crosslinking density of the molecular glass resist system was
low (only 3 functional groups on each MG2-OH molecule and 4 on each TM-
MGU molecule) and thus a dense photoresist network could not form to achieve
a large solubility contrast between exposed and unexposed regions when im-
mersed in developers.
A.4 Conclusions and Future Work
This chapter covers two-photon polymerization inside an inverse-opal C-dot
template for optical applications and efforts to crosslink molecular glass resists
in three dimensions by two-photon lithography. It is safe to say that two-photon
lithography demonstrates an unprecedented potential in terms of introducing
designed polymeric defects in photonic templates. The biggest challenge facing
the patterning technique is the alignment of defects with respect to the tem-
plates for good registration accuracy. A pre-fabrication mapping of templates
is foreseen to come into play. With regard to two-photon patterning molecu-
lar glass resists, branched molecules with higher crosslinking densities are ex-
pected to improve the patterning contrast.
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